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SECTION  1 

OVERVIEW  AND  EXECUTIVE  SUMMARY 


1.1  OVERVIEW 

Two  exposure  Holographic  Interferometry  has  been  successfully  utilized  in  a  number 
of  applications.  Its  use  in  non-destructive  evaluation  has  been  limited  in  its  full  potential  due  to  the 
inability  to  interpret  the  complicated  interference  fringe  patterns  which  result  from  the  test  speci¬ 
men  being  in  different  mechanical  and/or  thermal  states  at  the  time  of  the  two  exposures.  For  this 
reason  many  non-destructive  production  testing  situations  have  abandoned  holography  in  favor  of 
other  less  desirable  but  more  reliable  technologies  such  as  eddy  currents,  radiography,  dye  pene¬ 
trants,  magnetic  particles,  and  acoustic  sounding.  However,  these  techniques  are  only  effective 
over  smaU  areas. 

The  objective  of  this  program  was  to  demonstrate  that  the  holographic  Fringe  Linear¬ 
ization  Interferometry  (FLI)  process  could  remove  fringe  clutter  and  make  fringe  shifts  due  to  de¬ 
fects  more  visible. 

The  work  performed  under  this  contract  experimentally  demonstrated  that  the  loca¬ 
tion  of  through  and  rear-surface  cuts  (which  are  difficult  to  detect  with  conventional  double  expo¬ 
sure  holographic  interferometry)  were  rendered  visible  with  the  holographic  FLI  technique. 
Further  work  demonstrated  that  these  defects  had  measurable  Fourier  signatures  which  were 
characteristically  different  from  the  signature  of  the  carrier.  The  FLI  process  is  thereby  amenable 
to  automatic  readout  technology.  We  also  developed  a  computer  model  for  static  loading  and  the 
resulting  analytical  FLI  fringe  patterns  were  in  excellent  agreement  with  those  obtained  experi¬ 
mentally. 


In  any  practical  NDE  application  it  wiU  be  necessary  to  utilize  FLI  with  dynamic  load¬ 
ing  conditions  and  pulsed  lasers  to  avoid  overall  mechanical  motions  between  the  hologram  and 
structure  under  evaluation. 

1 .2  SUMMARY  OF  SIGNIFICANT  RESULTS 

Results  obtained  with  static  loading  techniques  were  significant; 

•  The  experimental  feasibility  of  the  FLI  concept  has  been  demonstrated; 

•  FLI  removes  fringe  clutter  and  simpliHes  defect  location; 

•  Experimental  results  showed  linearization  of  fringes  and  location  of  both  a  through  cut  and  a 
rear  surface  cut; 

-  no  spatial  filtering  required; 

•  Experiments  with  a  Fourier  diffractometer  showed  that  both  the  through  cut  and  the  rear  sur¬ 
face  cut  had  Fourier  signatures  significantly  different  from  those  of  the  defect  free  fringe  area; 

-  Automatic  readout  techniques  utilizing  computer  software  algorithms  are  possible  with  such 
characteristic  signatures; 

•  Finite  element  analysis  showed  that  the  FLI  process  can  be  modeled  accurately;  agreement 
with  the  experimental  results  was  excellent; 


•  Further  desensitization,  if  necessary,  can  be  achieved  by  using  the  two-color,  four-exposure 
holographic  moire  technique; 

-  Spatial  filtering  will  be  required; 

•  The  sensitivity  analysis  showed  that  best  detectivity  of  sub-surface  cracks  is  obtaixied  when 
the  fringes  cross  the  crack  at  an  angle  of  45°. 

•  Cracks  not  emanating  from  the  hole  were  not  rendered  visible  with  static  or  analytical  dynamic 
loading  but  were  found  with  pressure  loading  experimentally. 

-  These  types  of  defects  are  not  as  common  as  the  types  emanating  from  the  holes  which 
closely  simulate  cracks  growing  from  a  fastener  hole. 

•  We  also  modeled  dynamic  loading  with  various  harmonics  showing  that  sub-surface  cracks  em¬ 
anating  from  holes  (similar  to  real  cracks  emanating  from  fastener  holes  in  aircraft)  are  detect¬ 
able  with  FLI. 

-  Impulse  loading  would  result  in  a  superposition  of  such  modes. 

•  Two  composite  samples  with  defects  (delaminations)  were  experimentally  investigated  with 
both  static  and  thermal  loading  techniques.  The  defects  were  not  found  with  these  loading 
methods.  Pressure  loading  is  usually  used  to  holographically  find  debonds  in  laminated  materi¬ 
als  but  this  may  not  be  practical  for  aircraft  measurements  in  the  field. 

•  The  utility  of  dynamic  loading  on  composite  materials  in  finding  delaminations  remains  to  be 
determined. 

•  We  were  not  able  to  do  dynamic  measurements  on  this  program  because  of  problems  encoun¬ 
tered  with  the  high  power  lasers  available  to  us. 

1.3  RECOMMENDATIONS 

THE  SUCCESSFUL  RESEARCH  RESULTS  OBTAINED  ON  THIS  PROGRAM  WITH 
STATIC  LOADING  SUGGEST  TRANSITIONING  THE  TECHNOLOGY  TO  INCORPORATE  THE  DY¬ 
NAMIC  LOADING  CAPABILITY  IN  A  FUTURE  STUDY. 

The  implications  of  this  situation  are  that  holographic  FLI  could  revitalize  large  area 
inspection  of  military  aircraft  (both  metal  and  composite  structures)  and  thereby  increase  the  air¬ 
craft’s  useful  lifetime. 

We  therefore  recommend  generating  a  three-dimensional  model  to  describe  realistic 
flaws.  These  defects  should  be  fabricated  in  experimental  specimens  and  located  with  FLI  technol¬ 
ogy.  Defects  in  metals  and  composite  materi{^  should  be  experimentally  located  and  evaluated 
with  this  dynamic  loading  technology.  In  addition,  the  integrity  of  adhesive  joints  in  composite  ma¬ 
terials  should  be  determined. 

Specifically,  this  future  study  should  consist  of: 

1.  Model  development  for  FLI  with  (a)  dynamic  loading,  (b)  realistic  defects  in  three-dimensional 
metallic  structures,  and  (c)  debonds  in  composite  materials  and  adhesive  joints. 

2.  An  experimental  demonstration  of  the  feasibility  of  dynamically  loaded  FLI  for  detecting  flaws 
in  metal  and  in  composite  samples. 

•  Define  range  of  loading  forces  as  a  function  of  sample  and  defect  type. 
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3.  A  comparison  of  the  model  results  with  experimental  results  and  a  determination  of  the  sensi¬ 
tivity  limitations  of  dynamic  FU  in  various  types  of  materials. 

4.  A  measurement  of  defects  in  structures  of  interest  to  the  Air  Force  with  the  FU  technique. 

The  different  combinations  of  materials,  defects,  model  geometry  and  loading  types 
that  should  be  investigated  theoritically  and  experimentally  in  such  a  study  are  shown  in  Figure  1- 
1 .  The  results  of  such  a  study  would  show  the  viability  for  developing  a  holographic  FU  hardware/ 
software  system  for  use  in  the  important  NDE  applications  of  testing  military  aircraft. 
Implementation  of  a  practical  surface  testing  program  could  extend  the  lifetime  of  military  aircraft 
and  thereby  result  in  savings  to  the  U.S.  government. 


-  N.A. 

To  be  investigated  in  the  recommended  program 
*  Investigated  under  this  contract 


Figure  1  -1 .  Subjects  to  be  Addressed  in  the  Recommended  Program 


SECTION  2 

RESEARCH  OBJECTIVE  AND  LOGISTICS 


2.1  OBJECTIVE 

The  objective  of  this  research  program  was  to  prove  the  concept  of  Holographic 
Fringe  Linearization  Interferometry  (FLI)  and  determine  its  degree  of  utility.  The  former  objective 
was  met  but  the  utility  of  the  concept  to  practical  situations  still  awaits  further  study. 

In  the  FLI  technique,  linear  fringes  are  introduced  in  the  formation  step  of  double  ex¬ 
posure  holographic  interferometry  by  using  a  beam  deflector  in  the  object  beam  between  two  holo¬ 
graphic  exposures.  The  addition  of  the  linear  fringe  of  the  appropriate  spatial  frequency  to  the 
interferogram  dominates  the  random  fringes  that  commonly  appear  in  double  exposure  hologra¬ 
phy.  The  superposition  of  the  linear  fringes  with  the  random  fringes  yields  a  resultant  pattern,  that 
is  comprised  of  straight  line  fringes  everywhere  except  at  the  defect  region. 

The  goal  of  this  research  program  was  the  experimental  demonstration  of  the  FLI 
technique  for  detecting  and  locating  (not  necessarily  identifying  or  classifying)  subsurface  cracks 
and  defects  in  various  structures.  Since  FLI  is  a  potentially  large  area  inspection  technique  that  is 
compatible  with  image  processing,  its  success  can  simplify  the  Non-Destructive  Evaluation  (NDE) 
process  for  large  military  structures  such  as  aircraft. 

2.2  LOGISTICS 

The  experimental  work  was  performed  by  Honeywell  at  its  Electro-Optics  Division, 
Advanced  Concepts  Group  in  Wilmington,  MA.  Initial  experimentation  at  NADC  was  performed  but 
dropped  because  of  reliability  problems  with  their  pulsed  ruby  laser. 

2.3  CONTRIBUTORS  TO  THE  REPORT 

This  study’s  principal  investigator  was  George  O.  Reynolds  from  the  Honeywell 
Electro-Optics  Division.  Donald  A.  Servaes,  the  Project  Experimentalist,  Luis  Ramos  and  Adrian  Ho 
the  Experimental  Assistants,  were  also  Honeywell  employees  on  this  program.  Dr.  John  B.  DeVelis, 
a  consultant  to  Honeywell  from  Merrimack  College,  has  contributed  to  the  study.  Ronald  A.  May- 
ville,  Peter  D.  Hilton  and  Daniel  C.  Peirce  from  Arthur  D.  Little,  Inc.  performed  mechanical  de¬ 
signs,  modeling  work  and  deformation  analysis  under  a  subcontract  to  Honeywell. 


SECTION  3 

PROBLEMS  ENCOUNTERED  DURING  THE  PROGRAM 


In  addition  to  the  two  moves  of  the  Advanced  Concepts  group  within  Honeywell 
EOD  during  the  program,  the  GFE  laser  at  NADC  was  not  extensively  used  because  of  reliability 
problems  encountered  during  our  visits.  The  Honeywell  argon  ion  laser  tube  was  broken  during  the 
second  move,  and  a  new  tube  was  installed  at  Honeywell’s  expense  during  1984.  The  water  supply 
to  the  lab  in  IWlmington  was  increased  to  accommodate  the  flow  rate  required  by  the  laser  cooling 
system.  This  fix  was  inadequate  due  to  the  low  water  pressure  at  the  Honeywell  facility  in  VWlming- 
ton.  Mass.  A  holding  tank  and  pump  was  installed  and  the  laser  worked  for  two  days  until  the  hose 
on  the  pump  let  go  and  flooded  the  Wilmington  facility.  A  new  holding  tank  was  ordered,  the  lab 
remodeled  to  hide  it  in  the  wall  and  the  tank  finally  installed.  By  this  time  the  laser  tube  had  gone 
dead  and  we  could  not  get  the  unit  to  lase.  The  vendor  suggested  a  new  tube  which  is  currently  on 
order.  Our  argon  laser  was  at  the  vendors  shop  at  the  conclusion  of  the  program.  Needless  to  say, 
the  dynamic  loading  and  two  color  moire  experiments  were  not  conducted  during  this  program  be¬ 
cause  of  these  laser  problems. 
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SECTION  4 

PUBLISHED  RESULTS  OF  THIS  RESEARCH  PROGRAM 


The  theoretical  and  experimental  work  conducted  on  this  program  resulted  in  five 
publications  which  are  listed  below  and  reprints  included  in  Appendixes  A  through  E. 

Appendix  A  G.O.  Reynolds,  D.A.  Servaes,  L.  Ramos-lzquierdo,  and  J.B.  DeVelis,  “Holographic 
Fringe  Linearization  Interferometry  (FLI)  for  Defect  Detection;  Part  I  -  The  Basic 
Concept”  in  Applications  of  Holography  L.  Huff,  editor.  Proceedings  SPIE  Vol. 
523,  pg.  160,  1985. 

Appendix  B  G.O.  Reynolds,  D.A.  Servaes,  L.  Ramos-lzquierdo,  J.B.  DeVelis,  D.C.  Peirce,  P.D. 

Hilton  and  R.A.  Mayville,  “Holographic  Fringe  Linearization  Interferometry  (FLI) 
for  Defect  Detection;  Part  II  -  Comparison  of  Observation  with  Predictions”  in  Ap¬ 
plications  of  Holography  L.  Huff,  editor.  Proceedings  SPIE  Vol.  523,  p.  176,  1985. 

Appendix  C  G.O.  Reynolds,  D.A.  Servaes,  L.  Ramos-lzquierdo  and  J.B.  DeVelis  “Holographic 
Fringe  Linearization  Interferometry  (FLI)  for  Defect  Detection;  Part  III  -  Load  De¬ 
sensitization  with  Moire  Techniques”  in  Application  of  Holography  L.  Huff,  editor. 
Proceedings  SPIE  Vol.  523,  p.  186,  1985. 

Appendix  D  G.O.  Reynolds,  “Holographic  Fringe  Linearization  Interferometry  (FLI)  for  Defect 
Detection”  ACTA  POLiTECHNICAL  SCANDINAVICA  AppUed  Physics,  Series  No. 
150,  Image  Science  ‘85  ed.  by  A.T.  Friberg  and  P.  Oittinen  Vol.  2  Phl50,  p.  53, 
1985.  Helsinki,  Finland  VDC  778.3:681.3:535.37.6. 

Appendix  E  G.O.  Reynolds,  D.A.  Servaes,  L.  Ramos-lzquierdo,  J.B.  DeVelis,  D.C.  Peirce,  P.D. 

Hilton  and  R.A.  Mayville  “Holographic  Fringe  Linearization  Interferometry  for  De¬ 
fect  Detection”  Opt.  Eng.  24(5)  757  Sept/Oct  1985. 


Papers  Presented 


•  The  material  in  Appendixes  I  through  III  was  presented  in  three  papers  at  the  SPIE 
Symposium,  January  21-23,  1985,  Los  Angeles,  California,  by  G.O.  Reynolds,  D.C. 
Peirce  and  D.A.  Servaes  respectively. 

•  The  material  in  Appendix  D  was  presented  at  the  ICO  Conference,  Image  Science 
‘85  held  on  the  campus  of  the  Helsinki  University  of  Technology  in  Otaniemi  Fin¬ 
land,  June  11  throu^  14,  1985,  by  G.O.  Reynolds. 

•  The  material  in  Appendixes  A  through  E  was  presented  in  a  colloquium  at  the  Uni¬ 
versity  of  Erlangen :Numberg,  Erlangen  Germany  on  June  5,  1985  by  G.O.  Rey¬ 
nolds. 


•  Some  of  the  material  in  Appendix  E  was  presented  at  the  New  England  Experi¬ 
mental  Stress  Society  meeting  in  Newton,  Mass.,  on  October  4,  1984,  by  G.O.  Rey¬ 
nolds. 


SECTION  5 

TECHNICAL  RESULTS  OF  RESEARCH  EFFORT 
ADDITIONAL  TO  THOSE  IN  APPENDIXES  A  THROUGH  E 


5.1  FINITE  ELEMENT  ANALYSIS  OF  FLI  EXPERIMENTS 

Throughout  this  research  program,  finite  element  calculations  have  been  performed 
in  support  of  laboratory  tests  which  demonstrate  fringe  linearization  interferometry.  These  compu¬ 
tations,  carried  out  primarily  with  the  commercial  software  package  ANSYS,  serve  not  only  as  a 
guide  to  specification  of  those  loads  which  best  reveal  the  presence  of  a  flaw,  but  also  as  a  flexible 
means  of  checking  which  fringe  frequencies  and  orientations  are  most  effective  in  detecting  a  par¬ 
ticular  defect.  In  the  following  section,  we  summarize  our  previously  reported  success  in  detecting 
a  part-through  crack  emanating  from  a  hole  in  a  plate  subjected  to  a  static  bending  load.  From  fur¬ 
ther  computations  based  on  the  same  configuration,  we  also  offer  some  likely  rules  of  thumb  that 
should  apply  in  general  to  detection  of  flaws  using  the  FLI  technique.  Finally,  we  show  results  from 
a  modal  analysis  of  the  experimental  test  plate,  and  we  comment  on  the  potential  for  using  dy¬ 
namic  loading  to  elucidate  the  locations  of  defects. 

S.  1 . 1  Review  of  Static  Loading 

The  finite  element  mesh  (Figure  5-1)  which  was  generated  by  ANSYS  has  relatively 
fine  line  separation  near  the  two  cracks  in  the  plate,  which  is  four  inches  square.  One  crack  ema¬ 
nates  from  the  upper  left  of  the  hole,  while  the  second  is  horizontal  and  is  located  one  inch  below 
the  hole.  In  ANSYS,  the  cracks  are  modeled  by  narrow  elements  (too  small  to  be  visible  on  the  plot) 
which  are  assigned  a  thickness  of  0.0005  inches,  while  the  plate  itself  is  0.1  inches  thick.  A  Young’s 
modulus  of  10  X  10«  psi  and  a  Poisson  ratio  of  0.34,  both  characteristic  of  aluminum,  are  used 
throughout.  Equal  and  opposite  loads  of  4  pounds  at  the  top  and  the  bottom  of  the  hole  provide  the 
static  loading.  To  model  the  test  configuration,  the  plate  is  clamped  on  three  sides  and  is  free  on  the 
top  edge.  The  analytical  results,  with  linear  fringes,  are  shown  in  Figure  5-2.  (In  the  model,  the  lin¬ 
ear  fringes  are  created  by  superposing  contours  corresponding  to  a  rigid  body  rotation.  'The  amount 
of  this  rotation  corresponds  exactly  to  the  rotation  of  the  object  beam  in  the  experiments.)  The  sub¬ 
surface  crack  emanating  from  the  hole  is  readily  detectable,  as  in  the  corresponding  experimental 
result  shown  in  Figure  5-3.  The  horizontal  crack  below  the  hole,  however,  is  not  visible  in  either 
the  model  or  the  experiment.  'Thus,  the  model  and  the  experiment  are  in  excellent  agreement;  the 
fact  that  the  crack  below  the  hole  remains  obscured  is  most  likely  due  to  the  load  and  plate  configu¬ 
ration.  The  deformations  in  the  area  of  the  horizontal  crack  are  quite  small  and,  IN  FACT,  ONE 
WOULD  TYPICALLY  NOT  EXPECT  A  CRACK  TO  DEVELOP  IN  THIS  LOCATION.  Experiments  with 
plug  (pressure)  loading  showed  that  this  defect  was  easily  detectable  (see  Figure  20  in  Appendix  E). 

5.1.2  Sensitivity  Considerations  with  Static  Loading 

The  results  shown  in  Figures  5-2  and  5-3  correspond  to  an  object  beam  rotation  of  600 
nr,  and  the  rotation  is  about  a  vertical  axis.  This  raises  the  question  of  which  linear  fringe  fre¬ 
quency  and  orientation  is  best  suited  to  detecting  a  particular  flaw.  It  is  especially  easy  to  change 
the  fringe  orientation  using  the  computer  model;  an  example  showing  an  orientation  45°  from  the 
vertical  is  presented  in  Figure  5-4.  This  figure  does  not  reveal  the  crack  as  well  as  Figure  5-2  and,  in 
fact,  the  orientation  of  the  fringes  shown  in  Figure  5-2  proved  to  reveal  the  crack  emanating  from 
the  hole  better  than  any  of  the  several  orientations  for  which  calculations  were  performed.  From 
these  results,  one  might  postulate  the  following  general  rule;  to  be  able  to  detect  defect.s  most 
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1-2  Plotted  with  Linear  Fringes  Arising  from 
About  a  45°  Axis 


readily,  the  object  beam  should  be  rotated  about  an  axis  which  is  oriented  45°  from  the  line  of  the 
defect.  In  a  structure  containing  defects  of  unknown  orientation  and  location,  a  range  of  fringe  ori¬ 
entations  should  be  used. 

Unfortunately,  there  seem  to  be  some  situations  when  a  defect  cannot  be  detected 
with  any  linear  fringe  configuration.  The  horizontal  crack  in  Figure  5-1,  statically  loaded  as  dis¬ 
cussed,  seems  to  provide  such  a  situation.  The  fringes  in  Figure  5-4,  even  though  they  are  oriented 
45°  from  the  crack,  do  not  reveal  its  location.  Again,  the  tapered  plug  (pressure)  loading  shown  in 
Appendix  E,  does  visualize  this  crack.  As  suggested  earlier,  this  implies  that  appropriate  loading 
must  be  chosen  for  defects  to  show  up.  In  practice,  this  should  not  prove  difficult,  since  flaws  usu¬ 
ally  will  not  develop  in  areas  where  the  effect  of  the  loads  is  small. 

It  is  more  difficult  to  specify  which  linear  fringe  frequency  (i.e.,  object  beam  rota¬ 
tion)  will  best  reveal  a  particular  defect.  ITie  proper  frequency,  however,  depends  on  the  excita¬ 
tion  of  the  flawed  structure  rather  than  on  the  nature  of  the  flaws.  A  fringe  frequency  should  be 
selected  so  that  disturbances  away  from  the  defects  are  dominated  by  linear  fringes,  but  the  fre¬ 
quency  should  not  be  so  great  that  the  fringes  at  the  flaws  become  completely  linear  themselves. 
As  a  practical  matter,  the  object  beam  rotation  should  be  increased  gradually  until  the  fringe  fre¬ 
quency  fits  within  this  window. 

Defect  size  is  also  critical  to  detection  using  the  FLI  technique.  The  crack  that  is  re¬ 
vealed  in  Figure  5-2  is  one  inch  long,  and  virtually  the  entire  length  can  be  located  by  the  abrupt 
bends  in  the  fringes.  One  end  of  the  crack,  however,  intersects  the  hole  and  is,  therefore,  not  con¬ 
strained  as  greatly  as  the  other  end.  The  ^nds  in  the  fringes,  therefore,  grow  less  distinct  as  one 
moves  away  from  the  hole.  For  a  crack  not  intersecting  a  hole  or  a  free  boundary,  therefore,  detec¬ 
tion  may  prove  difficult  if  it  is  less  than  about  1/2  in.  in  length.  This  coryecture  assumes,  of  course, 
that  the  crack  is  as  deep  or  deeper  than  those  investigated  here.  Since  the  numerical  model  used 
here  was  two-dimensional,  an  accurate  study  of  sensitivity  to  depth  was  not  possible,  but  three- 
dimensional  finite  elements  analyses  could  be  performed  to  determine  just  how  deep  a  crack  is  de¬ 
tectable  with  FLI. 

5.2  DYNAMIC  LOADING  CONSIDERATIONS 

5.2.1  Analysis 

Because  different  load  configurations  may  be  required  to  reveal  all  the  defects  in  a 
structure,  dynamic  loading  may  provide  an  opportunity  to  excite  observable  disturbances  in  a  vari¬ 
ety  of  different  flaws  simultaneously.  With  this  in  mind,  the  configuration  in  Figure  5-1  was  sub¬ 
jected  to  a  modal  analysis  in  ANSYS.  Ten  modes  were  examined,  and  fringe  patterns  for  the  first 
five  modes  are  shown  here  in  Figures  5-5  through  5-9.  Linear  fringes  have  been  added  in  these  fig¬ 
ures,  but  because  the  amplitude  of  the  modes  is  arbitrary,  the  beam  rotation  to  which  these  fringes 
correspond  cannot  be  specified.  Modes  two,  three,  and  four  (Figures  6-6  through  5-8)  reveal  clearly 
the  crack  emanating  from  the  hole,  but  this  defect  is  not  readily  detected  in  modes  one  and  five 
(Figures  6-6  and  6-9).  Again,  this  shows  that  different  deformation  modes  can  dramatically  affect 
the  amount  of  disturbance  around  a  flaw.  Indeed,  in  all  the  dynamic  modes  we  investigated,  we 
were  unable  to  find  a  fringe  pattern  that  successfully  revealed  the  horizontal  crack  below  the  hole. 
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Two  from  a  Dynamic  Analysia  of  the  Oamped  Plalein  Figure  5-1 .  Linear  fringes 
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Figure  5-7.  Mode  Three  from  a  Dynamic  Analysis  of  the  Clamped  Plate  in  Figure  5-1.  Linear 


Four  from  a  Dynamic  Analysia  of  the  Clamped  Plate  in  Figure  5-1 .  Linear  fringes 
have  been  added. 


Figure  5-9.  Mode  Five  from  a  Dynamic  Anaiysia  of  the  Ciamped  Piate  in  Figure  5-1.  Linear  fringes 

have  been  added. 


Because  the  mode  shapes  seem  to  cover  such  a  broad  range  of  deformation  behavior,  we  can  only 
conclude  that  the  horizontal  crack  is  not  the  type  of  crack  that  would  typically  exist  in  this  configu¬ 
ration. 


The  modal  analyses  also  provided  information  on  the  natural  frequencies  of  the 
cracked  test  plate.  These  are  listed  below. 

Mode  Frequency  (Hz) 


1 

2 

3 

4 

5 


1830 

3000 

4680 

5470 

5880 


From  this  information,  and  on  the  basis  of  Figures  5-7  and  5-8,  one  might  choose  to 
excite  the  plate  at  4680  or  5470  Hz  to  reveal  most  clearly  defects  like  that  emanating  from  the  hole 
in  Figure  5-1.  Of  course,  impulse  loading  would  create  a  superposition  of  many  such  modes. 

Like  the  static  analysis,  therefore,  the  dynamic  analysis  provides  a  flexible  and  prac¬ 
tical  tool  for  assessing  a  corresponding  flaw  detection  procedure  based  on  the  FLI  technique.  It  is 
hoped  that  continued  experimental  work  using  dynamic  loads  will  show  good  agreement  with  the 
results  in  Figures  5-5  through  6-9,  corresponding  to  the  favorable  comparison  between  Figures  5-2 
and  5-3. 


5.2.2  Experimental  Wbrk 

Experimentation  with  the  pulsed  laser  system  and  dynamic  loading  at  NADC  was  at¬ 
tempted  early  in  the  program  but  was  discontinued  during  the  second  year  due  to  unreliability  of 
the  data  obtained  because  of  the  intermittent  behavior  of  the  ruby  laser  as  described  in  the  second 
annual  report  on  this  contrast  issued  in  April  1984.  Dynamic  loading  experiments  on  a  small  format 
were  planned  using  the  200  mw  Ag  ion  laser  at  Honeywell.  However,  this  laser  was  still  not  operat¬ 
ing  at  the  conclusion  of  the  program  so  this  plan  was  also  aborted. 

5.3  LOAD  DESENSITIZATION  WITH  MOIRE  TECHNIQUES 

During  this  contract  we  demonstrated  that  the  FLI  process  can  be  made  to  work  by 
moiling  two  double  exposure  holograms  (Appendix  C).  This  process  desensitizes  the  system  to  the 
load  when  two  colors  are  used  because  the  moire  difference  frequency  effectively  appears  as  a  la¬ 
ser  of  a  longer  wavelength.  Since  the  moire  FLI  effect  appears  superimposed  on  the  clutter  pro¬ 
duced  in  the  moire  process  (the  moire  is  one  of  sixteen  terms  contributing  to  the  final  image)  a 
spatial  filtering  step  would  be  needed  to  obtain  a  FLI  result  equivalent  to  those  obtained  by  swing¬ 
ing  the  reference  beam  between  exposures. 

The  two-color  experiments  were  not  done  during  this  program  because  of  the  un¬ 
availability  of  the  Ag  ion  laser  at  Honeywell. 
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FLI  EXPERIMENTS  TO  FIND  DEFECTS  IN  COMPOSITE  MATERIALS 
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Static  and  thermal  loading  techniques  were  used  in  attempting  to  locate  defects  in 
specially  prepared  composite  samples.  One  sample  was  supplied  by  the  Air  Force  and  the  other  was 
prepared  by  Arthur  D.  Little,  Inc.  The  defects  in  the  Arthur  D.  Little  sample  were  induced  by  plac¬ 
ing  pieces  of  cellophane  between  the  layers  during  the  manufacturing  of  the  material. 

No  fringe  shifts  were  seen  in  any  of  the  experiments,  so  the  defects  could  not  be  lo¬ 
cated  with  these  loading  mechanisms.  The  literature  search  showed  that  pressure  loading  tech¬ 
niques  were  usually  used  to  locate  defects  in  laminated  materials.  Since  pressure  loading  did  not 
seem  practical  as  a  loading  method  for  use  on  aircraft,  it  was  not  pursued  further  experimentally. 


5.5  COMMENTS  ON  DEFECTS  AND  MODELING 

5.5.1  Experimental  Cracks  Used  In  Study 
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The  defects  used  in  these  experiments  were  through  cuts  and  part-through  cuts 
(from  the  back  side  of  the  specimen)  emanating  from  holes  in  the  center  of  metal  plates.  Fatigue 
cracks  have  characteristics  that  are  different  from  these  cuts  and  should  be  further  investigated. 
The  applicability  of  FLI  for  finding  defects  in  composite  materials  and  for  testing  the  integrity  of 
adhesive  joints  should  also  be  investigated. 

5.5.2  Real  Cracks  In  Metals 

Cracks  often  nucleate  and  grow  in  structural  members  during  service  as  a  result  of 
cyclic  loading  and/or  stress  corrosion  cracking.  These  cracks  are  generally  closed  when  the  struc¬ 
ture  is  not  loaded  and  have  irregular  and  interpenetrating  crack  faces.  Loading  causes  motion  of 
the  crack  faces  with  respect  to  each  other.  In  fracture  mechanics,  this  motion  is  often  divided  into 
three  mutually  orthogonal  directions  denoted  as  Modes  I,  II,  and  III.  Mode  I  refers  to  crack  opening 
(separation  of  the  faces)  while  Modes  II  and  III  refer  to  in-plane  and  transverse  sliding  of  one  crack 
face  with  respect  to  the  other.  Real  cracks  are  likely  to  behave  differently  than  the  cuts  used  in  the 
initial  phase  of  the  AFOSR  study  in  that  the  localized  deformation  associated  with  Modes  II  and  III 
will  be  resisted  by  friction  on  the  crack  faces  unless  it  is  accommodated  by  Mode  1  deformation  sep¬ 
arating  the  crack  faces.  Compressive  stresses  in  the  structure  may  keep  the  crack  faces  closed  until 
some  threshold  tensile  stress  is  applied  to  the  crack  region. 

The  applicability  of  FLI  to  fatigue  cracks  in  metal  components  should  be  studied.  For 
this  purpose  fatigue  loading  could  be  used  to  create  cracks  in  specimens  for  experimental  testing. 
These  cracks  could  be  made  on  computer  controlled  Instron  Testing  machine.  Both  through  cracks 
and  subsurface  cracks  emanating  from  a  hole  could  be  created  using  starter  notches  and  fatigue 
loading.  Similar  specimens  have  been  made  by  this  technique  in  performing  fatigue  crack  growth 
studies  at  Arthur  D.  Little,  Inc. 

The  sensitivity  of  FLI  to  detection  of  through  thickness  fatigue  cracks  in  terms  of 
crack  length  and  orientation  and  to  rear  surface  fatigue  cracks  in  terms  of  location  size,  depth  and 
orientation  should  be  determined.  In  particular  we  would  test  plates  with  comer  cracks  emanating 
from  cylindrical  holes,  simulating  the  crack  growth  from  fastener  holes  as  illustrated  in  Figure  6- 10. 
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Figure  5-10.  Schematic  of  Crack  Growth  from  a  Fastener  Hoie 

In  both  cases  of  static  loading  and  dynamic  loading,  it  is  of  interest  to  predict  the  de¬ 
formation  increment  between  holographic  exposures  as  a  check  on  the  FLI  process,  i.e.,  a  compari¬ 
son  of  predicted  and  observed  deformation  fields.  Finite  element  calculations  can  be  used  for  this 
purpose. 

Arthur  D.  Little  Inc.  has  performed  two-dimensional  analyses  for  through  crack 
problems  and  developed  ac^usted  two-dimensional  models  to  approximate  the  behavior  of  speci¬ 
mens  containing  sub-surface  cracks.  The  two-dimensional  model  is  ac^usted  by  the  introduction  of 
narrow  elements  filling  in  the  crack  and  of  smaller  transverse  thickness  to  represent  the  part- 
through  crack  geometry.  As  the  test  specimens  become  more  complex,  including  representative 
structural  components,  and  as  the  defects  to  be  found  become  a  geometrically  smaller  portion  of 
the  specimen,  they  would  begin  to  perform  separate  analyses  of  the  structure  and  of  the  defect  re¬ 
gion.  For  example,  an  analysis  using  plate  elements  for  the  specimen  would  be  used  to  develop 
boundary  conditions  for  a  three-dimensional  finite  element  analysis  of  the  region  containing  the 
defect. 

Arthur  D.  Little  Inc.  has  been  successful  in  using  ANSYS  to  perform  static  and  dy¬ 
namic  (steady  state,  forced  oscillations)  plate  analyses  in  this  program.  Local  three-dimensional 
analyses  of  regions  containing  surface  cracks  can  be  performed  with  the  program  APES-3D‘  ^ ' 
which  was  developed  specifically  for  three-dimensional  crack  problems. 

5.5.3  Composites 

High  strength  laminated  fiber  composites  fail  by  different  mechanisms  than  metals 
and  are  sensitive  to  different  types  of  defects.  TTie  type  of  defect  of  concern  for  laminated  fiber 
composites  for  which  FLI  may  be  applicable  is  delamination,  a  lack  of  adhesion  over  the  interface 
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region  i)etv,een  ac^acent  plies.  Delamination  may  be  the  result  of  fabrication  (ply  build  up)  imper¬ 
fections,  or  it  may  be  caused  by  (compressive)  overloads  during  service  or  in  the  form  of  impact 
damage.  Delamination  can  significantly  reduce  compression  strength  of  laminate  composites.  Vari¬ 
ous  experimental  conditions  must  be  defined  and  evaluated  to  determine  the  applicability  of  FLI 
for  NDE  of  composites. 

Modeling  of  deformation  and  stress  in  lamina  fibrous  composites  which  will  be  re¬ 
quired  to  predict  FLI  applicability  is  different  from  that  in  homogeneous  materials.  Models  can  be 
built  at  various  levels  of  detail  and  the  appropriate  level  depends  on  the  output  desired.  Each  layer 
should  be  treated  as  a  homogeneous  orthotropic  material  since  we  are  not  looking  for  fiber  matrix 
interactions  but  rather  for  lamina  scale  effects.  Lamina  models  treat  the  composite  as  made  up  of 
the  loads  applied  to  the  composite  and  the  layer  properties.  Finite  element  models  for  layered  com¬ 
posites  are  available.  Layered  shell  elements,  based  on  the  laminate  theories,  enable  analysis  of 
composite  plates/shells  of  arbitrary  geometry  and  with  specified  boundary  conditions. 

Arthur  D.  Little  Inc.  would  use  laminate  theory  and  related  finite  element  analysis 
techniques  (available  on  the  ANSYS  code)  to  analyze  composite  test  specimens  including  the  load 
transfer  to  the  specimen,  the  support  condition  for  the  specimen  and  the  specimen  geometry  which 
may,  for  example,  include  a  through  hole. 

Separate  local  modeling  and  analyses  would  be  used  to  determine  the  deformation  in 
the  vicinity  of  a  delamination  defect.  Approximate  analysis  procedures  are  available  to  obtain  an 
estimate  of  out-of-plane  deflection,  ref.  4.  These  would  be  applied  in  the  design  of  specimens  and 
loading  fixtures.  A  layered  finite  element  model  would  be  developed  to  accurately  predict  the  out- 
of -plane  deformation  of  the  region  in  the  specimen  which  contains  the  delamination  and  thereby 
simulate  FLI  results.  The  layered  model  would  involve  three-dimensional  or  thick  plate  orthotropic 
elements  configured  so  as  to  model  the  debond  region  and  the  ac^jacent  composite  structures.  Ex¬ 
periments  on  composites  with  dynamic  loading  techniques  would  be  conducted. 

5.5.4  Adhesive  Joints 

Adhesive  joints,  similar  to  laminar  composites,  are  subject  to  debonding  as  a  result  of 
fabrication  difficulties  or  service  loading,  (ref.  1,  5).  Debonding  in  superscript  adhesive  joints  un¬ 
der  bending  or  axial  loading  result  in  transverse  deformation  (local  separation  of  the  members  be¬ 
ing  joined).  These  defects  should  be  observable  with  FLI.  It  would  be  of  interest  to  determine  if 
there  is  a  region  of  debonding  in  an  adhesive  joint  and,  if  so,  to  determine  its  size  and  location.  This 
information  is  the  basis  for  assessing  the  integrity  of  the  joint. 

Holographic  FLI  experiments  would  be  defined  to  investigate  the  application  of  FLI 
to  joined  regions  of  laminated  composites  to  assess  adhesive  joint  integrity. 

5.5.5  Three-dimensional  Modeling  Effort 

The  purpose  of  conducting  a  three-dimensional,  finite-element  analysis  in  the  future 
is  two-fold.  The  immediate  purpose  is  to  determine  if  sub-surface  flaws  of  known  shape,  size,  and 
location  will  produce  surface  displacements  that  are  detectable  using  this  holographic  technique. 
The  initial  fringe  spacing  would  establish  the  number  of  interference  fringes  associated  with  the 
calculated  in-plane  displacements.  The  initial  fringe  spacing  can  be  varied  in  order  to  optimize  the 
number  of  interference  fringes  associated  with  these  flaws. 


A  secondary  purpose  of  the  three-dimensional  finite  element  analysis  is  to  reverse 
the  process  and  determine  the  size,  shape  and  location  of  flaws  from  the  interference  pattern.  It  is 
possible  that  size,  shape  and  location  cannot  be  uniquely  determined  from  in-plane  displacements. 
It  may  be  necessary  to  assume  the  shape  and  calculate  the  size  and  location  of  the  flaws.  Moire 
techniques  could  be  used  in  an  experimental  program  to  supplement  this  effort  if  more  sensitivity  is 
necessary. 


8510-07 


SECTION  6 
CONCLUSIONS 


The  FLI  concept  was  experimentally  demonstrated  during  this  program  and  an  ana¬ 
lytical  model  was  developed  which  gave  excellent  agreement  with  the  experimental  results.  The 
model  was  two-dimensional  so  it  is  not  capable  of  predicting  crack  depth.  The  fringe  clutter  noise 
was  removed  by  choosing  the  frequency  of  the  linear  fringes  to  be  high  enough  to  dominate  the 
clutter  noise  yet  being  low  enough  so  that  surfaces  excursions  due  to  the  presence  of  a  defect 
would  still  cause  a  fringe  shift.  The  shifts  on  the  fringes  due  to  the  defect  were  shown  to  have  sig¬ 
nature  very  different  from  those  of  the  carrier  alone,  so  that,  potentially,  automatic  reading  of  the 
data  is  greatly  simplified.  It  was  also  shown  that  Moire  techniques  could  be  used  to  desensitize  the 
loading. 

The  sensitivity  analysis  showed  that  the  defect  is  most  observable  when  the  FLI 
fringes  cross  the  defect  at  an  angle  rather  than  being  parallel  or  perpendicular  to  the  defect.  The 
experiments  were  limited  to  those  utilizing  static  loading  techniques  due  to  various  difficulties  en¬ 
countered  with  the  higher  power  lasers  at  NADC  and  Honeywell.  Therefore,  the  dynamic  and  two 
color  moire  experiments  were  not  performed  under  this  contract. 

The  static  and  plug  (pressure)  loading  models  were  very  accurate  in  locating  cuts 
(cracks)  emanating  from  a  hole.  These  defects  are  quite  realistic  and  approximate  those  anticipated 
in  real  structures.  A  modal  analysis  of  a  dynamic  loading  technique  (impulse  loading  would  be  a  su¬ 
perposition  of  such  modes)  also  predicted  that  these  cracks  would  be  detectable. 

Neither  static  or  dynamic  loading  techniques  were  successful  in  locating  a  sub¬ 
surface  cut  in  the  middle  of  the  plate.  Plug  (pressure)  loading  made  this  defect  visible  but  this 
would  probably  not  be  a  practical  loading  method  on  a  structure  such  as  an  airplane.  SUCH  DE¬ 
FECTS  IN  REAL  STRUCTURES  WOULD  BE  HIGHLi^  UNUKEU'  SO  THIS  NEGATIVE  RESULT  MAY 
ONLY  BE  OF  ACADEMIC  INTEREST. 

Finally,  two  composite  samples  prepared  with  sub-surface  defects  were  examined 
with  both  static  and  thermal  loading  being  applied  between  the  exposures.  None  of  the  defects 
were  found  with  these  loading  techniques.  The  literature  search  showed  that  the  few  successes  in 
holographic  interferometry  finding  defects  in  laminate  structures  (debonds)  were  achieved  with 
pressure  loading  methods.  Dynamic  and/or  pressure  loading  methods  were  not  attempted  in  our  ex¬ 
periments  due  to  the  equipment  limitations  described  in  Section  4. 


SECTION  7 
RECOMMENDATIONS 
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The  success  of  this  program  in  demonstrating  that  sub-surface  defects  in  metals  can 
be  modulated  onto  a  spatial  carrier  such  that  the  defect  phase  modulates  the  carrier  under  static 
loading  conditions  should  be  further  pursued  for  applications  of  interest  to  the  Air  Force  such  as 
fatigue  testing  of  aircraft. 

FLI  is  potentially  a  large  area  inspection  technique  for  defect  location  which  is  ame¬ 
nable  to  automatic  readout.  In  any  practical  NDE  application  it  will  be  necessary  to  utilize  FLI  with 
dynamic  loading  conditions  and  pulsed  lasers  to  avoid  overall  mechanical  motions  between  the  ho¬ 
logram  and  the  structure  under  evaluation.  Therefore,  we  suggest  that  a  basic  study  be  performed 
to  demonstrate  that  the  FLI  process  is  compatible  with  dynamic  loading  techniques  for  defect  loca¬ 
tion  over  large  areas. 


THE  OBJECTIVE  OF  THIS  STUDY  WOULD  BE  TO  DEMONSTRATE 
THAT  HOLOGRAPHIC  FU  WORKS  WITH  DYNAMIC  LOADING  FOR 
LARGE  AREA  DETECTION  OF  REAUSTIC  FLAWS  IN  METALS,  DE- 
BONDS  IN  COMPOSITES,  AND  ADHESIVE  JOINTS. _ 


The  following  classes  of  defects  should  be  investigated: 

•  Realistic  surface  and  sub-surface  cracks 

•  Debonds  in  composite  materials  and  adhesive  joints 

•  Aircraft  fastener  defects 

Based  on  the  successful  methodology  demonstrated  in  this  current  contract  a  dual 
modeling/experimental  parametric  investigation  should  be  followed  to  maximize  the  understand¬ 
ing  of  the  dynamic  loading  problem. 

Specifically,  this  effort  should  consist  of: 

1 .  Model  development  for  FLI  with  (a)  dynamic  loading,  (b)  realistic  defects  in  three- 
dimensional  metallic  structures,  and  (c)  debonds  in  composite  materials  and  adhe¬ 
sive  Joints. 

2.  An  experimental  demonstration  of  the  feasibility  of  dynamically  loaded  FLI  for 
detecting  flaws  in  metal  and  in  composite  samples. 

3.  A  comparison  of  the  model  results  with  experimental  results  and  a  determination 
of  the  sensitivity  limitations  of  dynamic  FLI  in  various  types  of  three-dimensional 
materials. 

4.  A  measurement  of  defects  in  structures  of  interest  to  the  Air  Force  with  the  FLI 
technique. 

The  program  should  entail  basic  investigations  concerning  defects  in  both  metal  and 
composite  materials  including  model  development  for  various  loading  configurations  and  use  of  FLI 
to  experimentally  demonstrate  the  feasibility  of  locating/identifying  the  defects.  The  different 
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combinations  of  materials,  defects,  model  geometry  and  loading  types  which  should  be  investigated 
are  shown  in  Figure  1-1.  The  results  of  this  research  should  show  the  viability  for  developing  a  holo¬ 
graphic  FLI  hardware/software  system  for  use  in  the  important  NDE  applications  of  testing  military 
aircraft.  Implementation  of  a  practical  testing  program  could  extend  the  lifetime  of  military  air¬ 
craft  and  thereby  result  in  significant  cost  savings  to  the  U.S.  government. 
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Abstract 


In  normal  double  exp<isure  holography  with  impulse  loading  it  is  very  difficult  to  locate  defects  because  the  fringe  clutter,  due  to 
rand)  im  motion  Imt  ween  exposures,  often  swamps  the  fringe  shifts  caused  by  the  presence  of  sub-surface  defects  (cracks,  debonds,  etc. ). 

We  attempted  to  simplify  the  defect  liKation  problem  by  developing  a  concept  more  amenable  to  automatic  readout  techniques. 
Our  approach  to  incorporate  this  change  is  quite  simple.  We  swing  the  object  beam  between  the  two  exposures  which  adds  a  linear  fringe 
to  the  m-onstructed  image.  Proper  selection  of  the  fringe  frequency  (angle  of  object  beam  swing)  and  the  loading  force  creates  a  recon¬ 
struct  e<l  image  laced  with  linear  fringes  with  fringe  shifts  at  the  defect  locations  which  are  highly  visible. 

We  will  describe  the  theory  of  the  process.  Experiments  performed  with  a  static  load  illustrate  that  the  defect  is  seen  as  fringe  shifts 
on  a  linear  carrier.  Both  through  cuts  and  rear  surface  cuts  in  a  metal  test  plate  were  used  to  simulate  defects.  We  further  show  that  the 
defects  have  characteristic  Fburier  signatures  different  from  those  of  the  carrier. 

Introduction 


“Double  Exposure  Holographic  Interferometry"  has  been  successfully  demonstrated  in  a  number  of  applications  ini'luding  nondes- 
inictiv)'  (I'sting  and  metrology. This  technique  holds  promLst*  for  many  Non-Destruitive  Evaluation  (NDE)  applications.  However,  il 
has  ti*')*n  limited  in  reaching  its  full  potential  due  to  the  inability  to  interpret  the  complicated  interference  patterns  which  result  from  the 
test  st>e)'imen  being  in  different  mechanical  and/or  thermal  states  at  the  time  of  the  two  exposures. 

In  this  paper,  we  show  that  the  complicated  interference  pattern  resulting  from  double-exposure  holography  can  be  reduced  to  a 
simple  linear  fringe  pattern  using  Fringe  Linearization  Interferometry  (FU),  a  modification  of  conventional  double-exposure  holo¬ 
graphic  interferometry.  Furthermore,  fringe  shifts  on  the  resulting  linear  fringe  pattern  clearly  indicates  the  location  of  through  cuts 
and  sub-surface  cuts  in  test  plates  under  static  loading  conditions. 

The  fringe  shifts  at  the  site  of  the  defects  (cracks  and  sub-surface  cracks)  in  the  Holographic  FU  method  have  characteristic  Fburier 
signatures  that  are  amenable  to  automatic  readout  techniques  for  defect  location.  This  is  experimentally  demonstrated  in  a  Fburier 
diffractometer  where  the  interference  effects  at  the  site  of  defects  using  Holographic  FU  have  demonstrably  different  diffraction  pat- 
tenw  (Fburier  signatures)  from  those  in  the  linear  fringe  region  where  no  defects  are  present. 

2 .  Objective  of  Holographic  FU 


The  objective  of  Holographic  FU  is  to  replace  the  (•omplicated  interference  pattern  resulting  from  conventional  double  exposure 
holographic  interferometry  by  a  simple  linear  fringe  pattern.  Holographic  FU  is  potentially  capable  of  detecting  and  locating  defects  in 
inspo'tion  applications  involving  large  areas. 

In  the  F’U  technique,  linear  fringes  are  introduce)!  in  the  fi>rmation  step  of  double  exposure  holographic  interferometry  by  utilizing 
a  beam  defl)*<-tor  in  the  ))bject  beam  between  the  two  holographic  exposures.  The  addition  of  the  linear  fringes  to  the  interferogram 
mak>'s  the  pattern  much  easier  to  interpret.  A  distinctive  signature  (fringe  .shift)  at  the  site  of  a  defect  is  maintained  while  the  clutter 
patt)’m  is  nsluced  to  a  field  of  linear  fringes. 

In  Figure  la  we  have  a  typical  cluttered  fringe  pattern  resulting  from  double  exposun'  holtrgraphic  interferometric  testing  of  a 
panel.  The  .stress  corrosum  cracking  Is  indicated  and  highlighted  by  the  fringe  shifts  in  the  boxed-in  areas.  It  Is  apparent  that  IcKatingthe 
desired  fringe  shift  information  within  the  complicated  fringe  pattern  Is  quite  difficult. 
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In  Figure  lb  we  show  another,  less  complicated,  fringe  pattern.  This  pattern  resulted  from  a  double  exposure  hologram  of  an  alumi¬ 
num  can  stressed  with  an  elastic  band.  Between  exposures  the  elastic  band  was  cut  causing  a  large  local  deformation  at  the  position  of 
the  elastic. 

In  Figure  Ic,  we  see  the  effect  of  adding  the  linear  fringe  pattern  by  tilting  the  object  beam  between  exposures  of  the  two  holo¬ 
grams.  We  see  that  the  complicated  fringe  pattern  in  Figure  lb  has  been  simplified  to  the  linear  fringe  pattern  of  Figure  Ic  with  a  phase 
shift  at  the  region  of  the  elastic  band  where  the  differential  force  was  appUed.  The  fringes  are  not  quite  linear  but  rather  more  quad  ratio 
in  nature  because  of  the  curvature  of  the  object.  A  higher  frequency  linear  fringe  is  needed  to  linearize  three  quadratic  fringes. 

It  is  the  simplification  of  this  interference  pattern  which  forms  the  basis  for  the  holographic  FU  concept. 


FIgura  la.  Compllcatad  Iringa  pattam  on  a  4S  by  25  Inch  panal  uaing  tha  double  pulaad  holographic  NOT 
tachniqua.  An  Impulaa  loading  tachniquo  waa  utlllzad.  Tha  aiaaa  of  atiaaa  conoalon  cracking  are  Indicated 

by  fringe  ahifla  In  tha  boxaddn  araaa  (from  Ref.  4). 
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FIgura  1b.  HI  of  Coka  Can  Straaaad  with  Elaatic  Band  FIgura  ic .  FLI  version  of  Figure  ib 

Figure  1 .  DouMa  Exposure  Holographic  Intarfsrograma 
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3.  BmIc  theory  of  Holographic  PTJ 


8.1  Objective  beam  Bhlftlmt  to  create  linear  1 


The  principle  of  shifting  the  object  wave  between  exposures  in  double  exposure  holographic  interferometry  to  create  linear  cosine 
fringes  in  the  recoimructed  interferogram  has  been  illustrated  in  the  literature.’  The  fringes  have  a  period,  X/W,  where  M  is  the  amount 
of  angular  shift  between  the  object  beams  and  X  is  the  wavelength  of  the  laser  light.  An  analysis  utilizing  Fburier  transform  holography 
and  a  flnite-sized  object  is  given  here  to  illustrate  the  principle  of  FLl. 


3.2  Fburier  transform  Hole 


phlc  FIJ  analysis 


The  Fburier  transform  configuration  (Figure  2)  will  be  analyzed  for  simplicity.  An  analysis  for  sideband  Fresnel  Holographic  FU 
appears  in  the  Appendix.  Fburier  transform  holograms  reconstruct  by  performing  Fburier  transforms,  rather  than  the  more  compUcated 
procedure  of  focusing  FVesnel  transforms,  which  is  necessary  for  sideband  Fresnel  holograms. 

In  the  FU  process  the  first  hologram  is  made  when  the  object  is  in  stote  H 1 .  Between  exposures  the  object  beam  is  moved  through  an 
angle,  M,  and  the  load  on  the  object  is  changed  to  create  stote  #2  of  the  object.  A  second  exposure  on  the  same  film  is  made  of  the  object 
in  .state  #2.  The  reference  beam  is  identical  for  both  holograms.  Upon  reconstruction,  the  holographic  images  from  the  two  exposures 
combine  coherently  and  the  phase  difference  describing  the  two  different  states  of  the  object  forms  an  interference  pattern  (laced  with 
linear  fringes)  .superimposed  upon  the  image  of  the  object.  By  controlling  the  frequency  of  the  linear  fringes,  it  is  possible  to  remove  the 
fringe  shifts  associated  with  small  displacements  (clutter)  and  keep  the  information  concerning  the  larger  displacements  (defects)  as  a 
phase  shift  on  the  linear  fringes  (Figure  Ic).  We  will  now  describe  this  process  mathematically  using  the  Fburier  transform  hologram 
recording  process  illustrated  schematically  in  Figure  2. 

The  irradiance  in  the  hologram  plane  of  Figure  2  for  the  first  exposure  is 

H(x)  -  I  e**«s«n({,/0  +  T(x,t)  |‘,  (1) 

where  ~  denotes  a  Fburier  transform  and  f(x,t)  represente  the  surface  deformations  on  the  complex  test  object  at  time  t. 

If  a  prism  of  angle  M  is  used  to  shift  the  direction  of  the  object  wave  and  another  hologram  is  recorded  on  the  same  recording 
medium  (note:  in  double  exposure  holographic  interferometry,  a  different  stote  of  the  dynamic  object,  f(x,t.),  is  usually  captured  on  the 
hologram),  the  Irradiance  of  the  second  hologram  is: 

H(x)  -  I  ei*«*»n(i,/0  +  f(x-x„,t,)|’.  (2) 


where  from  the  shift  theorem  of  Fburier  analysis 


X„-  ftan(M) 


Reconstruction  of  the  two  holograms  described  in  Equations  1  and  2  with  a  lens  of  focal  length  f  results  in  a  reconstructed  image 
centered  at  the  position  x '  -  of  the  reconstructed  image  plane  given  by 

I(x)  -  image  -  |  Rx'.t)  +  f(x',t,)e**«o*’^f|'  (3) 

We  will  now  investigate  the  implications  of  Equation  (3)  for  various  conditions  of  interest. 


■  kM)  - 
ObJECT 


POINT  I 
REFERCNCE 


Figure  2.  Schematic  of  Fourier  trineformhologrMnayMein  for  double  npowir* 
Interferometry  uoing  a  lena  of  focal  length,  f. 
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Case  1 :  linear  fringes 


Iff(x',t)  -  then 

I(x')-  (f(x',t)l»|l+e**«o*'/f|' 

-  If(x',t)l*|2  +  2cos(kx„x'/f)]^ 

i.e. ,  the  image  of  the  object  is  laced  with  "linear”  cosine  fringes  of  frequency 


(4) 


66 

V  -  tan  y 


Case  2:  Response  of  the  Defect 

Tb  extend  this  analysis  to  include  the  response  of  a  defect,  assume  that  the  defect  of  interest  causes  a  differential  surface  displace¬ 
ment,  A^x*)  at  the  position  of  the  defect  when  loaded  between  the  two  exposures.  TTus  displacement  behaves  as  an  optical  phase 
function  in  the  hologram.  A  simplified  analysis  would  assume 

f(x',t)  -  1, 


and 

f(x’,t,)  -  e^^4>(x') in  Equation  3. 

The  revised  image  of  Equation  4  would  be 

l(x')  -  ideal  image  -  (2  +  2cos  (kx„x'/f  +  kA0(x')l).  (5) 

where  x"  denotes  the  position  of  the  defect  in  the  x'  coordinate  system. 

Thesurfacedisplacementdifferentialappearsasaphasemodulationof  the  linear  fringes  and  has  a  shape,  size  and  location,  A^x*), 
characteristic  of  the  defect.  We  call  this  the  ideal  image  because  of  the  simplifying  assumptions  used  in  deriving  Equation  6. 

Case  3:  Response  of  the  defect  and  random  surface  displacements  (clutter  noise). 

In  any  situation  where  the  object  surface  undergoes  a  differential  loading  between  the  two  exposures  f(x '  ,t|)  in  Elquation  3  would 


f(x',t,)  -  f[x',t)eiklA^x*)  +  A^x'))_ 

where  A0  (x')  is  the  differential  surface  displacement  due  to  the  defect  at  the  position  of  the  defect,  x' , 
and  (x ' )  is  the  differential  surface  displacement  of  the  remainder  of  the  test  object. 

Use  of  Equation  6  in  Equation  4  yields 

I(x)  -  |f(x',t)  |>j2  +  2co8  ^  +  k  (A^x')  +  A^x' 

where  |  f(x '  ,t)P  is  the  normal  holographic  image  of  the  ob^ject  at  time  t. 

Equation  7  shows  that  in  general  a  complex  fringe  pattern  is  superimposed  upon  the  object. 

If  we  assume  that 


(6) 


(7) 
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(8a) 


<A^(x")  >>A^(x'), 


then,  Equation  7  be<'omes 


I(x')  -  |f(x',t)|'  [2  +  2cos|-Y  tl«A<(>(x')|] 


Equation  9  shows  that  under  the  assumptions  given  in  Equations  8a  and  8b,  the  interferometric  image  is  laced  with  linear  fringes 
with  fringe  shifts  at  the  ItK'ations  of  the  defects. 

The  result  in  Equation  7  illustrates  that  the  normal  fringe  pattern  of  holographic  interferometry  is  phase-modulated  onto  the  cosine 
carrier,  which  Ls  created  by  shifting  the  object  wave  between  the  exposures.  Therefore,  we  see  that  the  basis  of  Holographic  FLI  is  to 
create  linear  fringes  in  two-exposure  holographic  interferometry  by  shifting  the  object  beam  between  exposures  of  the  two  holograms 
and  to  control  either  the  loading  and  'or  the  fringe  frequency  to  ensure  that  the  assumptions  given  in  Equation  8  are  experimentally 
realizable.  This  approximation  is  nearly  realized  in  Figure  Ic  where  the  loading  was  extremely  localized  and  very  large. 

3.3  Fringe  localization  with  Holographic  FLI 

The  Issue  of  fringe  localization  in  holographic  interferometry  has  been  thoroughly  investigated.'  The  linear  fringes  resultiitg  from 
tilting  the  object  beam  between  exposures  in  Holographic  FLI  appear  to  be  localized  in  the  space  on  and  about  the  object.  These  fringes 
can  be  made  to  appear  in  front  of  or  behind  the  reconstructed  object  or  actually  on  the  object  surface.  In  the  research  presented  in  this 
paper  the  latter  situation  is  most  desirable.  A  thorough  mathematic  analysis'  shows  that  fringe  localization  depends  upon  the  geometry 
of  the  holographic  nn'ording  and  viewing  systems. 

In  holographic  interferometry,  the  fringe  localization  depends  upon  the  curvature  of  the  object  illumination  wavefront  at  the  object 
surface.  The  curvature  of  the  reference  beam  is  unimportant  as  long  as  it  is  equivalent  to  the  curvature  of  the  reconstruction  wave,  lb 
guarantee  that  the  linear  fringes  in  Holographic  FLI  will  be  localized  on  the  surface  of  the  recortstructed  object,  we  utilize  collimated 
object  illumination  in  forming  the  holograms.  The  actual  experimental  holographic  recording  arrangement  used  in  the  experiments  is 
.shown  in  Figure  3. 

4 .  U  nderstaitdlag  FU/ vector  addition  of  phases 


4. 1  Experiment  demonstrating  the  vector  addition  of  phases 


FIguia  3.  Exparimontal  arranQomont  tor  Hologtaphic  FLI  axpmlmonia  showing  coHInwtod  objoct  llhimlrtatlon 
tor  obtaining  frtngo  localixallon  on  the  surtscs  of  ths  rsconstructad  Intaga 
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The  fundamental  concept  for  the  proper  understanding  of  why  the  Holographic  FXJ  process  works  is  that  of  the  Vector  Addition  of 
Phases  in  the  holographic  process,  as  shown  in  Equation  7.  The  phase  of  the  linear  fringes  resulting  from  tilting  the  object  beam  between 
exposures  of  a  double  exposure  hologram  adds  vectorially  to  the  phase  due  to  the  surface  deh>rmati()ii  contours  caused  by  differentially 
loading  the  object.  The  system,  shown  schematically  in  Figure  3,  was  used  to  demonstrate  the  vector  addition  principle  for  two-exposure 
holography.  In  Figure  4  we  show  the  results  for  the  case  of  an  object  tilt  about  one  axis  and  a  beam  rotation  about  the  other  axis. 

Figure  4a  shows  the  linear  fringes  present  in  the  reconstructed  image  of  a  double  exposure  hologram  arising  from  tipping  the  test 
plate  about  the  x-axis  between  exposures.  Figure  4b  shows  linear  fringes  resulting  from  rotating  the  object  beam  about  the  y-axis  be¬ 
tween  exposures.  Figure  4c  shows  the  linear  fringes  arising  from  the  vector  addition  of  the  phases  resulting  from  tilting  the  test  plate  as 
in  Figure  4a  and  rotating  the  object  beam  as  in  Figure  4b  between  exposures.  The  resulting  fringes  in  Figure  4c  are  rotated  through  an 
angle.  The  horizontal  and  vertical  phases  have  been  added  vectorially  to  produce  the  rotated  linear  fringe  pattern.  Figure  4<-  also  shows 
that  the  higher  frequency  x-axis  phase  due  to  tilting  the  test  plate  dominated  the  y-axis  phase  from  a  small  rotation  of  the  object  beam 
rotation  when  the  two  are  vectorially  added  in  the  two-exposure  hologram. 

Tb  demonstrate  that  is  the  vector  addition  of  phases  which  has  occurred  in  the  experiments  shown  in  Figure  4,  we  examine  the 
Fourier  spectrum  of  each  of  the  reconstructed  images  of  Figure  4.  In  Figure  5  we  show  the  spectra.  Figure  5a  is  the  Fourier  TVansform  of 
Figure  4a;  Figure  6b  is  the  Fourier  Tiansform  of  Figure  4b;  Figure  6c  is  the  Fburier  Transform  of  Figure  4c.  The  higher  diffraction  orders 
are  due  to  film  nonlinearities. 

If  we  now  record  and  superimpose  the  position  of  the  first  harmonic  along  the  y-axis  of  Figure  6a  (see  arrow  in  Figure  5a)  with  the 
first  harmonic  along  the  x-axis  of  Figure  6b  (see  arrow  in  Figure  5b)  with  the  first  harmonic  in  the  x-y  plane  of  Figure  5c  (see  airow  in 
Figure  6c),  we  obtain  the  result  shown  in  Figure  6.  Clearly,  the  first  harmonic  of  Figure  5a  has  added  vectorially  to  the  first  harmonic  of 
Figure  6b  to  give  the  resultant  first  harmonic  of  Figure  6c.  This  series  of  experiments  clearly  demonstrates  that  the  Holographic  FTJ 
process  does  indeed  produces  vector  addition  of  the  phases  which  leads  to  the  desired  linear  fringe  pattern  in  the  recon-structed  image. 


4.2  The  baalc  Holographic  FTJ  process 

The  experimental  procedure  for  the  Holographic  FLl  process  is  described  as  follows: 

•  Fhrm  a  conventional  hologram  with  the  test  specimen  in  a  given  stress  state. 

•  Add  an  additional  loading  to  the  test  fixture  to  change  the  stress  state  of  the  specimen. 

•  Tilt  the  object  beam  and  keep  the  reference  beam  fixed. 

•  Fbrm  the  second  hologram  on  the  same  recording  medium  with  a  second  exposure. 

•  Process  and  reconstruct  the  double  exposure  hologram . 


Figure  4e.  Reconstructed  Image  of 
double  expoaure  hologrem  resulting 
from  tipping  the  teat  plate  about 
the  x-axia  between  exposures 


Figure  4b.  Reconstructed  Image  of 
double  exposure  hologram  resulting 
from  rotating  the  object  beam  about 
the  y-axIs  between  exposures 


Figure  4c.  Reconstructed  Image  of 
double  exposure  hologram  resulting 
from  rotating  the  object  beam  about 
e  y-axIs  and  tipping  the  test  plate  about 
the  x-axIa  between  exposures 


Figure  4.  Experimental  demonstration  of  the  vector  addHIon  of  linear  fringes  In  double  exposure  holography 
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Figure  5a.  Fourier  spectrum  of  the 
reconstructed  Image  of  Figure  4a 
showing  the  delta  functions 
along  the  y-axis 


Figure  Sb.  Fourier  spectrum  of  the 
reconstructed  image  of  Figure  4b 
showing  the  delta  functions 
along  the  x-axIs 


Figure  Sc.  Fourier  spectrum  of  the 
reconstructed  Image  of  Figure  4c 
showing  the  delta  furtctlons 
In  the  (x-y)  plane 


Figure  5.  Fourier  spectra  of  the  reconstructed  Images  of  Figures  4a,  4b  aitd  4c 


FIRST  HARMONIC 
'  FROM  FIGURE  Sa 


FIRST  HARMONIC 
'  FROM  FIGURE  Sc 


.  FIRST  HARMONIC 
FROM  FIGURE  Sb 


Figure  6.  Fourier  plane  Indicating  the  superposition  of  the  first  harmonics  of  Figure  5a,  5b  and  5c 
demonstrating  the  vector  addition  of  phases 


As  shown  in  Kquation  7,  the  resulting  reconstructed  holographic  interferogram  has  cosine  fringes  of  the  form: 


KYinges  ~  cos  |  wx  ’  +  A(x ' ,  y ' ) ] 


when'  (u)X ' )  -  kx,.x '  represents  the  phase  of  the  linear  fringe  obtained  from  tilting  the  object  beam  between  exposures  of  the  two 
holograms  and  A(x' ,y')  -  k  Ai^x’.y')  ♦  A x(  x '  .y' )  represents  the  phas«‘ term  describing  the  difference  in  the  out ^of-phase  surface 
deformations  resulting  from  the  loading  fon'e  added  prior  to  forming  the  second  hologram.  Equation  10  is  referred  to  as  the  FU  equa¬ 
tion. 


4.3  Interpretation  of  vector  fringe  addition  leading  to  the  loading  limitation 


Interpreting  the  experimental  results  demon-strated  in  Figure  T)  in  terms  of  the  basic  interference  equation  of  two-exposure  FLl 
holography,  Equation  10,  led  to  the  following  conclu.sion: 


If  the  outKif-plane  deformation  of  the  test  plate  due  to  differential  loading  between  exposures  that  yields  the  A(x '  ,y ' ) 
phase  term  in  Equation  10  is  greater  than  one-quarter  wavelength  per  linear  fringe  period  given  by  the  uix '  term  in  Equation  10, 
then  the  vector  addition  of  fringes  would  lead  to  the  A(x '  ,y ' )  term  dominating  the  linear  fringe  term  in  Equation  10,  This  would 
result  In  the  linear  fringe  term  being  swamped  by  the  fringes  doe  to  any  differential  loading,  rendering  the  FU  concept 
ineffective. 
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Thiscojislrdintcan  beoverrome  in  two  ways:  (1)  fixing  the  fringe  frequency  and  desensitizing  the  effect  of  tiie  deformal  ion  by  using 
ifolographic  moire  techniques  as  described  in  part  3  of  the  series  of  papers',  or  (2)  increasing  the  fringe  frequent-y  u;  so  that  tlie  spatial 
period  is  smaiier  than  the  distance  over  which  the  deformation  changes  by  X/4. 

Thus,  the  two-phase  terms  in  Equation  10  can  be  controlled  such  that  either  term  can  pretiominate  the  ttther.  In  fact,  in  Figures  1  b 
and  Ic  we  have  shown  a  case  where  the  linear  fringe  term  has  been  controlled  so  that  it  is  larger  than  the  phase  tenn  due  t  o  the  deforma¬ 
tion  4(x'  ,y ')  but  not  the  phase  of  the  defect  d(x"y').  This  effect  was  achieved  by  increasing  the  linear  fringe  freejuency  until  it  domi¬ 
nated  the  vector  addition. 

This  same  effect  of  linear  fringe  demonstration  could  have  been  accomplished  by  controlling  the  differential  loading  force  (giving 
rise  to  the  A(x '  ,y ' )  phase  term  in  Equation  10)  to  ensure  that  the  resulting  deformations  are  less  than  one-quarter  wavelength  per  linear 
fringe  period.  This  is  a  very  severe  experimental  restriction  on  the  differential  loading  configuration  and  is  very  difficult  to  implement. 
We  demonstrate  that  the  differential  loading  phase  term,  A(x '  ,y ' ),  can  be  made  to  dominate  the  linear  f tinge  phase  term ,  ux ' .  by  exam  - 
ining  the  experimental  results  shown  in  Figure  7.  In  Figure  7  we  show  the  linear  fringes  which  have  been  introduced  by  shifting  the 
object  Iteam .  They  have  been  completely  dominated  by  the  random  fringe  pattern  resulting  from  the  different  ial  loading.  In  t  his  cas«- 1  he 
load  was  applied  by  two  thumbscrews  mounted  on  the  back  side  of  the  test  plate.  The  linear  fringes  can  be  seen  by  using  moire  hologra¬ 
phy  as  described  in  part  III  of  this  paper.' 

It  is  apparent  from  these  results  that  if  Holographic  FLI  is  to  be  feasible  and  viable,  we  must  control  the  linear  fringe  phase  tenn, 
<i)X',  so  that  it  dominates  the  phase  term,  A(x',y')  resulting  from  the  differential  loading.  Experimentally,  this  task  was  accomplished  by 
increasing  the  fringe  frequency  until  the  <jx'  phase  term  dominates  the  A(x'  ,y')  phase  term  resulting  from  the  differential  liMding. 
Obviously,  if  the  defect  is  to  be  found  as  a  shift  of  the  linear  fringes  at  the  defect  site  then  its  out  of  plane  displacennuit  must  he  greater 
than  X/4  per  linear  fringe  period  as  describetl  in  Equation  8b. 


Flgurv  7.  The  addition  of  a  large  differential  load,  A(x,y)  leads  to  random  fringes  which  dominate  the  linear  fringes. 
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5.  Experimental  demongtration  of  Holographic  FLI 


5. 1  That  specimen 

The  test  specimen  (Figure  8a)  designed  for  the  FU  experiments  is  a  100  mm  x  100  mm  x  3.  i26  mm  (4  in.  x  4  in.  x  0. 125  in.)  aluminum 
plate  which  has  a  circular  hole  located  at  its  center.  The  diameter  of  the  hole  is  24.94  mm  (0.9976  in.). 

A  thnuigh  cut  on  one  plate  and  a  rear  surface  partial  cut  on  another  plate  (Figure  8a)  originating  at  the  hole  were  used  as  the 
dehfts.  Both  cuts  were  approximately  one  inch  in  length. 

B.2  Loading  mechanism  and  test  fixture 

A  loading  mechanism  was  designed  to  give  maximum  out  of  plane  displacement  of  the  test  specimen  (Figure  8b)  at  the  location  of 
the  cut  defect  to  give  a  distinctive  holographic  signature. 


In  Figure  8c  we  show  a  photograph  of  the  entire  test  mechanism  including  the  fixture  and  the  test  plate  loading  arm.  The  loading 
arm  is  on  the  back  side  of  the  test  plate.  The  mathematical  modeling  of  the  experiment  was  conducted  at  Arthur  D.  Little,  Inc.  *  The 
model  and  its  experimental  verification  which  are  in  excellent  agreement  are  described  in  Part  D  of  this  paper,  “Comparison  of  Observa¬ 
tion  with  Prediction".' 


5.3  Effect  of  Increasing  linear  fkingc  frequency  In  two-exposure  FU 
Interpretation  of  FLI  basic  equation  for  Increasing  linear  fringe  frequency 

The  Vector  Addition  of  Phases  restricts  the  loading  term  A(x '  .y '  )in  Equation  10,  to  phases  not  greater  than  one-quarter  wavelength 
p«*r  linear  fringe  cycle  so  that  the  resulting  vector  addition  of  the  (ux ' )  linear  fringe  term  does  not  become  dominated  by  the  A(x '  ,y ' ) 
phase  term.  As  previously  indicated,  this  limit  can  be  achieved  hy  carefully  controlling  the  loading  forces  so  that  the  differential  out-of¬ 
plane  deformations  are  smali  or  by  increasing  the  linear  fringe  frequency  until  it  dominates  the  A(x '  ,y ' )  phase  term  in  the  vector  addi¬ 
tion  of  phases.  This  latter  method  was  selected  because  it  satisfies  the  quarter  wave  loading  constraint,  is  easy  to  implement 
experimentally,  and  desensitizes  the  system.  In  fact,  it  should  be  pos.sible  to  increase  the  linear  fringe  frequency  to  the  point  where  it 
dominates  the  A(x '  ,y ' )  phase  term  for  a  large  loading  torque  and  still  show  a  fringe  shift  at  the  location  of  the  crack  defect;  therefore, 
two-expasure  FLI  should  be  feasible  for  many  practical  loading  conditions. 


Figure  8e.  Aluminum  test  specimen  geometry 

•This  work  was  conducted  by  P.P.  Hilton,  R.  A.  Mayville,  and  1).C.  Peirce 


Figure  8b.  Force  loading  used  to  model  hanging  weight 
loading  mechanism 
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Figure  8c.  Photograph  of  tooting  sot-up  showing  tost  opocimen  ond  loading  mochanlsm 


The  ultimate  limitation  for  the  frequency  of  the  linear  frin^  will  be  detennined  by  the  speckle  noise  in  the  optical  system  viewing 
the  hologram .  If  this  limitation  yields  a  non-linear  fringe  then  further  deseirsitization  can  be  achieved  by  utilizing  the  more  complex  I  wo- 
color,  four-exposure  moire  technique,'  which  requires  a  photograph  of  the  holographic  image  and  a  spatial  filtering  step  applied  to  the 
hologram  to  create  the  linear  fringes  showing  the  defect  location. 

5.4  Eiiierlinental  demonstration  of  FLl  tor  through  cuts 

A  two-exposure  FU  experiment  was  designed  and  performed  on  the  test  plate  of  Figure  8a  with  a  through  cut  to  demonstrate  the 
FLI  technique.  A  two-exposure  hologram  was  made  and  reconstructed.  The  first  exposure  was  for  the  relaxed  state  of  the  test  plate  and 
the  second  exposure  was  for  the  stressed  state  of  the  test  plate,  and  with  a  linear  fringe.  The  first  hologram  (Figure  9a)  shows  the  defor¬ 
mation  from  the  stress.  Figures  9b-e  show  the  reconstructed  image  from  the  double  exposure  hologram,  where,  in  addition  to  the  stress 
in  state  two,  linear  fringes  of  varying  frequency  have  been  added. 

Figure  9b  shows  the  result  when  the  linear  fringe  frequency  is  low, 0.6  cycle/mm.  The  constraint  of  one-quarter  wave  of  defor¬ 
mation  per  fringe  cycle  has  not  been  met,  although  the  discontinuity  at  the  cut  is  very  visible.  Figure  9c  is  the  result  for  a  fringe  fre¬ 
quency  of  2<i>,  and  9d  is  for  4«.  Figure  9e  illustrates  the  case  for  a  frequency  of  8<j.  In  the  Sui  case,  speckle  effects  lowered  the  fringe 
contrast  so  the  fringes  could  not  be  seen .  The  effect  of  8&i  was  achieved  by  reducing  the  load  by  one  half  and  adding  fringes  at  a  frequency 
of  4w.  The  fringe  shift  at  the  defect  is  visible  at  the  higher  frequencies. 

Obviously,  with  a  linear  fringe  of  frequency  «  -  4  c/mm  (Figure  9e)  the  differential  surface  deformation  meets  the  quarter  wave/ 
period  limitation  except  in  the  vicinity  of  the  cut  where  a  violent  phase  deviation  is  evident .  This  was  the  first  demonstration  of  t  he  FI  J 
principle. 

5.5  FLl  Experimenta  with  gpeclmena  havliig  rear-aorface  cBte 

Since  the  cut  in  Figure  9a  and  9b  is  easily  visible,  a  more  dramatic  demonstration  of  the  FU  principle  was  made  using  rear-surface 
cuts  penetrating  part  way  through  the  plate.  A  similar  test  plate  to  the  one  used  for  the  through  cut  was  made.  A  1/16  inch  wide  saw  cut, 
3/32  inch  deep  was  made  on  the  back  side  of  the  test  plate.  TTie  cut  is  1  inch  long,  starts  at  the  center  hole  and  is  at  an  angle  -46°  to  the 
vertical  axis.  A  double  exposure  hologram  of  the  plate  was  made  by  adding  a  differential  load  between  the  exposures.  The  process  was 
repeated  and  linear  fringes  were  added  by  rotating  the  illuminating  beam  between  the  exposures.  The  results  are  shown  in  Figure  10a 
and  10b.  Figure  10a  is  the  usual  interferogram  obtained  from  double  exposure  holographic  interferometry.  By  carefully  examining  the 
photograph  the  slight  bend  of  the  contour  fringes  can  be  detected,  but  the  effect  is  subtle.  Figure  10b  shows  the  interferogram  obtained 
for  the  same  plate  stress,  but  with  the  linear  fringes  added.  The  defect  area  is  quite  apparent.  Since  the  cut  itself  is  not  visible  on  the 
surface  of  the  plate,  this  experiment  demonstrates  the  feasibility  of  the  two-exposure  holographic  FU  technique  for  detecting  sub¬ 
surface  flaws  and  defects. 

These  experiments  have  been  modeled  u.sing  finite  element  analysis  and  agreement  between  the  model  and  the  experiment  Is  excel¬ 
lent  as  described  in  Hut  II  of  this  paper' 
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Figure  9a.  Reconstructed  Image  from  double  exposure  hologrem  for  the  case  of  a  stressed  plate 
having  a  through  cut  without  the  addition  of  linear  fringes 


Figure  9d.  <.>  -  2  cycles/mm  Rgurs  9e.  u  -  4  cyclee/mm 

Figure  9b-9e.  Experimental  results  showing  feasibility  for  two-exposurs  FLI  fOr  a  through  cut.  Reconstructed  Images  from  FU 
process  In  Figure  9a  with  linear  fringes  of  various  frequencies  added  to  control  the  noise  pattern  shown  In 

Figurs  9a. 
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Figure  1 0a.  Raconstructad  Imaga  from 
FLI  without  tha  addition 
of  llnaar  fringaa  tor 
a  aubaurtaca  cut. 


Figure  1 0b.  Raconatructad  Imaga  from 
FLI  with  llnaar  fringaa  addad  to 
predomlnata  tha  nolsa  and  show 
tha  location  of  tha 
subsurface  cut. 


Figure  1 0.  Oamonstratlon  of  FLI  tor  subsurface  cuts 


6.  Patantial  for  automatic  readout 


The  linear  fringe  in  the  two-exposure  Holographic  FU  process  readily  lends  itself  to  using  an  automatic  readout.  Although  this  has 
yet  to  be  implemented,  we  present  conclusive  evidence  that  effects  are  present  at  the  defect  site  in  the  linear  fringe  holographic  recon¬ 
struction  which  can  be  detected  and  used  for  the  automatic  readout.  Tb  show  these  effects,  we  use  a  diffractometer,  a  two-dimensional 
spatial  Fburier  transforming  system  as  shown  in  Figure  1 1 .  In  Figure  12  we  show  the  diffraction  pattern  from  parts  of  the  reconstructed 
image  of  a  two-exposure  FLI  hologram  at  a  defect  free  region  and  at  the  site  of  the  through-cut  shown  in  Figure  9e.  Figure  1 2a  shows  the 
Fburier  signature  of  the  linear  fringe  (diffractometer  was  at  region  to  left  of  defect).  We  recognize  the  d  .c.  term  and  the  two  first  orders  of 
the  linear  fringe  transform.  In  Figure  12b,  we  see  the  signature  at  the  defect  sight  (the  through  cut).  The  fringe  shift  at  the  rut  location 
results  in  a  different  d.c.  term  and  two  sets  of  Tirst-orders  for  the  two  linear  fringes  at  the  cut.  The  diffractometer  outputs  clearly  show 
there  exists  a  signature  at  the  defect  site  distinguishable  from  the  defect  free  region.  Similar  results  were  obtained  for  the  rear  surface 
cut  as  shown  in  Figure  13. 


Figure  1 1 .  Schematic  of  optical  dlffrectomatar 
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Figure  12a 


Figure  12b 


Figure  1 2.  Fourier  algnature  of  through  cut 


Figure  13a  Figure  13b 


Figure  1 3.  Fourier  algnature  of  rear  aurfaca  cut 


These  results  demoastrate  that  measurable  and  detectable  results  characterize  defects  measured  by  the  FLI  Tbchnique.  These  ef¬ 
fects  can  be  exploited  in  the  development  of  an  automatic  readout  system. 

7.  Snaunary  and  concluslona 


The  results  i  >l)taine<l  with  static  loading  techniques  were  significant  and  include: 

•  Tile  ex|>enmental  feasibility  of  the  HJ  concept  has  been  demonstrated. 

•  HJ  n'lnoves  fringe  i  liitter  and  simplifies  defect  lor-afion. 

•  KxiM-rimenial  n'siiltsshowi-il  lineari/ation  of  fringes  and  kaation  of  both  a  thniugh  cut  and  a  rear-surface  cut. 

•  KxiMTiments  with  a  fliurier  diffractometer  showed  that  both  the  thniugh  cut  and  the  rear-surface  cut  had  Fburier  signatures 
significantly  diffenmt  fnim  those  of  the  carrier  fringe 

Automatic  readout  te<'hni<|ues  an-  (Kissible  with  such  characteristic  .signatures  using  image  processing  software  and  digital 
Hairier  Tran.sform  methials 
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Appendix 

Mathematical  development  of  llnenr  fringes  In  a  sideband  Fregnel  Hologram 

The  purpose  of  this  appendix  is  to  show  that  linear  fringes  can  be  created  in  a  double  exposure  sideband  FYesnel  hologram  by 
shifting  the  object  beam  between  the  exposures.  The  mathematical  development  will  follow  that  given  in  Chapter  3  of  Reference  8. 

The  diffracted  field  emanating  from  an  object  illuminated  with  a  tilted  reference  wave  in  the  second  exposure  is  obtained  by 
modifying  Equation  3-36  of  Reference  8  to  give 

R(x)  -  [-ei*',z,Ce‘‘'>*'/2z,jjD(|)^j(p(ik,|  £V2z,  -  {x/z,)) 

(A-1) 

X 

where  |3„  is  the  tilt  angle  of  the  beam  striking  the  object  and  sin  =  d». 

The  intensity  distribution  in  the  sideband  Fresnel  hologram  produced  by  this  wavefront  is 

I(x)-  (Ke*k,«x  +  B(x)|^  (^-2) 

where  9  is  the  angle  between  reference  and  object  beams. 

If  we  consider  only  the  term  in  Equation  A-2  corresponding  to  the  real  image,  we  obtain  a  modiried  version  of  Equation  3-81  in 
Reference  8.  Thus. 


Ir(x)  -  K-'KO'e-ikiZ-e  ih.x''2z,eU‘'“oXD*(x), 


D*(x)  -  f  -fx/z,  +  ffoOdf  ■ 

z,  -  0  '  ^ 

When  the  distribution  described  by  Equation  A-3  is  reconstructed  with  a  beam  of  wavelength  X,,  the  amplitude  in  the  recon¬ 
structed  image  is  given  by: 

'^imRC®)  -  A  I  e-ik.*’''2z.  n*(x)eik,  xe^^x-ay/2z^^ 

z,-0 

where  A  includes  all  the  obliquity  factors.  Substituting  Equation  A-4  into  A-5,  we  obtain 


^imR(a)  _  Aeik.a^/2z,f  J  D*({)e  “''^'^2z, 

z,-0  z,-0 

X  eiJt.fx/*.  e-U'-^ot  I  exp  j  —  f  1 

‘  2  ‘  z.  z,  ‘ 

X  eUt,xtfe*k,xa/z,<ix. 


which  is  a  modified  version  of  Equation  3-84  in  Reference  8. 

Applying  the  fo<’U.s.sing  condition  k,z,  -  k.z,  to  Equation  A-6  yields 


'^imR(“)  -  Ae‘‘'»«'/2z,JJD*({)e-ik,£V2z, 
X  eikiKx/Zi-dolrti  e'*('‘'*  *‘>"'*i)dx 
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In  Equation  A-7,  the  {  integral  is  the  Fourier  transform  of  a  Fresnel  wavefront.  This  gives 


'^imR(“)  “  Ae‘*‘--“ I  D'( 

)  dx, 


z, -0 

X  ^2rix  ( 


X,  \,z. 


where  tilda  denotes  a  Fourier  transform  operation. 
Making  the  change  of  variable 


and  carrying  out  the  Fourier  transform  operation  indicated  in  Equation  A-8,  we  get, 

Z2  e2«  ■  tSt  / 


"  Ae'l'2“'/2Zi 


X  ( x,z,)i)’(<»  z,«v  <‘“''/2z,Xnt-z  ,ey 


(AH) 


(A-i>) 


(A  10) 


A  comparison  of  Equation  A- 10  with  Equation  3-89  in  Reference  8  shows  that  the  only  difference  between  the  reconslructetl 
image  of  a  sideband  Fresnel  hologram  and  one  created  with  a  tilted  object  wave  is  the  linear  phase  factor  (LPF)  in  a,  i  e. , 


LPF 


p2ai 


(All) 


Equation  A- 1 1  shows  that  the  phase  factor  resulting  from  the  tip  is  linear  in  a  and  has  a  frequency  proportional  to  1  lie  tip  angle  0,., 
the  hologram  construction  distance,  z,,  the  reconstruction  distance,  and  the  reconstruction  wavelength,  K- 

Thus,  if  a  double  exposure  hologram  were  made  in  which  the  only  difference  was  a  tilt  of  the  object  beam  in  one  of  the  oxixisures, 
then  the  reconstructed  image  would  be  laced  with  linear  cosine  fringes  of  the  form. 


This  shows  that  tilting  the  object  beam  in  the  hologram  results  in  linear  fringes  across  the  image.  The  analysis  of  the  virt  ual  image 
yields  a  similar  result. 
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Abst  ract 


We  present  results  from  our  program  on  fringe  linearization  for  double  exposure  holo- 
uiaphic  interferometry  for  the  detection  of  defects  in  large  areas  of  metal  structures.  A 
model  is  developed  to  simulate  the  expected  holographic  results,  and  its  predictions  are 
compared  to  the  observations  as  an  aid  in  refining  this  nondestructive  evaluation  procedure. 
The  tost  specimens  are  aluminum  plates  containing  circular  holes  and  supported  on  three 
sides.  Between  holographic  images  a  bending  moment  is  applied  across  the  hole.  The  speci¬ 
mens  contain  either  a  through  cut  or  a  part-through  cut  designed  to  approximate  through  and 
part-through  cracks  respectively.  The  interference  holograms  are  created  by  double  exposure. 
Between  the  first  and  second  exposures  the  bending  moment  is  applied,  and  the  incident  beam 
is  rotated  creating  fringes  which  result  from  specimen  deformation  and  beam  rotation.  The 
degree  of  beam  rotation  controls  the  extent  to  which  the  fringes  are  linearized.  The 
supportinci  finite  element  modeling  and  analysis  is  performed  using  the  ANSYS  computer  code 
and  plate  elements.  Fringe  linearization  is  accomplished  by  adding  a  rigid  body  deformation 
to  the  deformation  field.  We  will  discuss  the  excellent  agreement  between  experimental  FLI 
results  and  the  finite  element  predictions  for  the  case  of  a  specimen  with  a  part-through 
crack  in  the  back  surface  and  not  optically  visible. 

Introduction 

Frineje  linearization  is  a  valuable  technique  that  enhances  the  ability  of  double  exposure 
iioloqrafihi c  interferometry  to  detect  defects.  As  described  in  Part  I^,  the  frequency  of 
the  linear  fringes  can  be  increased  to  a  point  where  the  inter ferogram  becomes  insensitive 
to  all  disturbances  in  the  exposed  body.  In  order  for  defects  to  be  detected  from  the 
fringe  pattern,  the  linear  fringe  frequency  must  be  great  enough  to  smooth  out  almost  all 
deformation  of  the  specimen,  yet  it  must  not  be  so  great  that  it  also  smooths  out  any 
signature  loft  by  the  defects. 

In  this  part  of  the  set  of  three  papers,  experiments  used  to  study  flaw  detection  by 
I  1  1 ngi'  linearization  are  compared  to  a  numerical  model  of  the  test  configuration.  The 
exper  1  iiK'nlal  procedure,  which  corresponds  closely  to  the  testing  program  desribed  in  Part  I, 
is  denci  i  bed  briefly.  c'.rcater  emphasis  here  is  placed  on  the  numerical  model,  which  employs 
t  Ik’  comnu'rc  1  a  I  finite'  elemi-nt  code'  AN.SYS  to  model  the  deformation  of  the  test  plate.  We 
will  eliscuss  the  aeireemont  between  the  test  anel  the  model  results,  which  suggests  that 
moejels  of  this  type  may  play  an  impiortant  supportinri  role  in  guiding  fringe  linearization 
interferometry  experiments. 


The 


experimental  configuration 


The  test  specimens 
thick,  containing  one 
sides,  as  shown  in  the  fixture  in 
piece  extending  out  from  the  hole 
contacting  the  plate  near  the  toj 
bottom  of  the  hole 


for  this  study  were  fotii  inch  squari'  aluminum  plates,  0.125  inches 
inch  diameter  holes  in  the  center.  Lach  plate  was  clamped  on  three 
Figure  1.  A  fiending  load  was  imposed  via  the  lomi  metal 
in  Fi<)ure  1.  This  moment  arm  hooked  into  the  hole, 
of  the  hole  on  the  back  side  of  the  plate  and  near  the 
on  the  side  of  the  plate  visible  in  the  figure.  To  obtain  a  differential 
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loading  between  holographic  exposures,  the  moment  arm  was  loaded  with  weights.  Kither 
pstt-through  or  through  cracks  could  be  cut  in  the  plate  at  arbitrary  locations.  For  the 
present  discussion,  only  the  crack  configurations  shown  in  Figure  2  are  considered. 


i 


To  create  the  interference  holograms,  two  exposures  were  made  for  each  case.  Between 
these  exposures,  the  moment  arm  was  loaded  with  weights  to  produce  an  excess  bending 
moment  of  3.5  to  4,0  inch“pounds  at  the  hole.  In  addition,  the  incident  beam  was  rotated 
between  exposures  to  linearize  the  fringes.  The  beam  rotation  for  most  of  the  experiments 
here  was  600  microradians;  this  number  was  most  accurately  determined  by  counting  the 
fringe  frequency  on  the  specimen  in  a  location  where  the  linear  fringes  were  dominant.  For 
a  given  laser  wavelength,  the  amount  of  beam  rotation  is  directly  proportional  to  this 
fringe  frequency. 


The  numerical  model 


To  model  the  test  configuration,  finite  element  meshes  were  constructed  using  the 
commercial  computer  code  ANSYS  .  One  such  mesh  is  shown  in  Figure  3,  in  which  the  flaw 
extends  upward  and  to  the  left  from  the  hole.  The  boundary  conditions  imposed  on  the  model 
correspond  to  those  in  the  experiment:  both  side  boundaries  and  the  bottom  boundary  were 
all  clamped;  the  top  boundary  was  left  free.  The  moment  applied  to  the  test  plate  was 
simulated  in  the  model  by  equal  and  opposite  out-of-plane  forces  applied  at  the  top  and 
bottom  of  the  hole.  The  magnitude  of  these  forces  was  such  that  the  total  applied  torque 
was  3.6  inch-pounds. 

Structurally,  therefore,  the  model  can  be  made  to  correspond  to  the  experiment  in  all 
respects.  A  mechanical  analogue  for  the  beam  rotation  is  also  easy  to  provide,  and  this 
allows  fringe  linearization  to  be  part  of  the  model  as  well.  The  mechanical  analogue  is 
in  fact  a  rigid-body  rotation  of  the  plate.  Just  as  the  field  of  linear  frinjes  dominates 
other  fringe  patterns  as  the  beam  rotation  is  increased,  so  does  the  displacement  field  of 
the  rigid-body  rotation  dominate  other  displacement  fields  as  the  mechanical  rotation  is 
increased.  Indeed,  the  experimental  fringe  linearization  could  also  be  accomplished  by 
rotation  of  the  specimen,  but  in  practice,  the  beam  rotation  can  be  performed  much  more 
easily. 

The  model  boundary  conditions  associated  with  the  rigid-body  rotation  can  be  somewhat 
tricky.  First,  an  axis  of  rotation  for  the  model  must  be  chosen  to  agree  with  the  intended 
beam  rotation.  This  axis  will  always  lie  in  the  plane  of  the  specimen,  and  in  the  usual 
case,  it  will  pass  vertically  through  the  center  of  the  hole.  Other  rotation  axes  may 
be  desirable,  however,  for  detecting  flaws  of  a  particular  orientation.  Once  the  rotation 
axis  is  selected,  the  nodes  on  the  clamped  boundaries  must  be  assigned  rotations  with 
respect  to  the  coordinate  axes  so  that  the  plate  rotation  has  the  appropriate  value  (here, 
600  microradians)  with  respect  to  the  chosen  rotation  axis.  In  addition,  these  nodes  must 
be  assigned  out-of-plane  displacements  according  to  their  distance  from  the  rotation  axis. 
When  imposed  correctly,  these  additional  boundary  conditions  model  the  experimentally 
observed  fringe  linearization  extremely  well. 

Through  cracks  in  the  plate  were  modeled  simply  by  releasing  connections  along  an 
appropriate  line  of  nodes.  Because  the  model  plate  consisted  of  two-dimensional  finite 
elements,  modeling  a  part-through  crack  required  a  special  procedure.  The  surfaces  of  the 
through  crack  were  separated  slightly,  and  the  gap  was  filled  with  small  additional 
elements.  These  additional  elements  were  assigned  a  thickness  of  0.005  inches,  four 
percent  of  the  nominal  plate  thickness.  These  elements  thus  modeled  the  effect  of  a  thin 
ligament.  The  ligamdnt  thickness  in  the  model  is  less  than  that  in  the  actual  plate  (0.03 
inches);  the  model  ligament  thickness  was  selected  by  comparing  model  and  experimental 
fringe  patterns.  A  direct  model  of  the  effect  of  ligament  thickness  would  require  a 
three-dimensional  analysis,  and  such  analysis  is  planned  in  future  work.  Corresponding  to 
the  presence  of  a  part-through  flaw,  the  current  ligament  model  serves  to  enforce  displace¬ 
ment  continuity  across  the  closed  side  of  the  defect;  this  continuity  naturally  docs  not 
occur  for  the  through  crack. 


Results  and  discussion 


Two  sets  of  results  will  be  presented  in  detail;  both  of  these  demonstrate  the  accuracy 
and  utility  of  the  finite  element  structural  analysis  in  modeling  the  holographic  technique 
proposed  in  Part  I. 

The  first  results  are  for  the  crack  geometry  shown  in  Figure  2(a).  Only  the  part-through 
flaw  will  bo  discussed.  The  double  exposure  holograms  obtained  in  the  laboratory  were 
obtained  from  the  back  surface  of  the  plate,  i.o.,  the  surface  on  which  the  crack  was  not 
visible.  Figure  4  shows  the  interferogram  for  the  plate  without  any  linear  fringes.  The 
fringes  which  appear  in  the  figure  have  smoothly  varying  slopes,  and  a  cursory  inspection 
indicates  nothing  that  might  signify  the  presence  of  a  flaw.  If  one  knows  that  a  part- 
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throuqh  crack  emanates  from  the  upper  left  corner  of  the  hole,  however,  one  notices  a 
modestly  sharp  bend  of  the  fringes  in  this  region,  especially  compared  to  the  similar 
fringes  to  the  upper  right  of  the  hole.  These  bends  are  not  obvious,  however,  and  they 
would  be  particularly  difficult  to  detect  using  an  automated  scanning  procedure.  The 
computer  model  of  the  same  loading  is  shown  in  Figure  5.  Here  again,  the  effect  of  the 
crack  can  be  observed  if  one  knows  its  location.  Without  such  knowledge,  however,  the 
bend  in  fringes  to  the  upper  left  of  the  hole  has  no  apparent  distinction  from  other  bends 
in  the  plot,  which  arise  duo  to  the  discrete  nature  of  the  finite  elements  used  to  model 
the  plate.  (In  Figure  5,  and  subsequent  computer  plots,  the  dashed  line  corresponds  to 
Zero  displacements.)  The  fringe  patterns  from  the  experiment  and  the  analysis  agree  quite 
well,  but  one  implication  of  this  agreement  is  that  flaw  detection  may  prove  difficult 
using  conventional  double  exposure  interferograms.  In  Part  I,  this  difficulty  was 
emphasized  as  a  primary  motivation  for  deve loiment  of  a  fringe  linearization  technique. 

Linear  fringes  were  next  superposed  on  Figure  4,  with  the  result  shown  in  Figure  6.  As 
noted  previously,  the  beam  rotation  used  was  600  microradians,  and  the  moment  loading  was 
3.5  inch-pounds.  The  linear  fringes  smooth  out  the  fringe  pattern  of  Figure  4,  but  the 
barely  noticeable  flaw  signature  in  Figure  4  is  the  dominant  feature  of  Figure  6.  The 
linear  fringes  lave  essentially  wiped  out  all  the  smoothly  varying  slopes  of  Figure  4,  so 
tliat  the  discontinuous  slopes  associated  with  the  part-through  cut  immediately  catch  one's 
attention.  In  addition,  the  homogeneity  of  the  linear  fringes  away  from  the  flaw,  together 
with  the  sharp  bends  at  the  flaw,  provide  the  features  needed  for  an  automatic  detection 
procedure,  as  discussed  in  Part  I. 

Figure  7  shows  the  finite  element  analysis  performed  to  correspond  to  Figure  6.  While 
the  inadequate  resolution  of  the  output  device  makes  the  fringes  jagged  in  places,  the 
agreement  with  the  experiment  is  excellent.  The  linear  fringes  dominate  over  the  entire 
plate,  except  at  the  flaw,  where  the  sharp  bend  in  fringes  occurs,  as  in  the  experiment. 

Because  the  agreement  between  experiment  and  analytical  model  is  so  close,  we  can  use 
the  structural  analysis  to  provide  guidance  as  to  how  one  might  facilitate  and  optimize 
holographic  detection  of  flaws.  For  example,  if  a  particular  type  of  flaw  is  being  sought 
after,  both  an  axis  and  magnitude  of  beam  rotation  could  be  determined  ahead  of  time  to 
maximize  the  likelihood  that  if  the  particular  type  of  flaw  exists,  it  will  have  a  signifi¬ 
cant  effect  on  the  linear  fringes.  In  addition,  appropriate  loading  configuration  and 
magnitude  may  be  worked  out  numerically  without  the  expense  of  an  extended  experimental 
program.  Additional  analyses  performed  for  the  part-through  cut  discussed  above  indicated 
that  locating  the  axis  of  beam  rotation  45°  from  the  crack  orientation  provided  the  best 
holographic  signature  of  the  flaw;  other  rotation  axes  led  to  linear  fringes  which  made 
the  flaw  more  obscure.  A  rule  of  thumb  for  detection  of  a  crack  emanating  from  a  hole  can 
thus  be  stated  as  follows:  fringe  linearization  should  be  employed,  and  the  rotation  axis 
(or  axes)  should  be  oriented  45°  from  the  suspected  crack  (or  cracks).  When  the  flaws  are 
randomly  located,  a  range  of  beam  rotation  axes  is  probably  necessary. 

We  also  considered  the  crack  configuration  in  Figure  2(b).  With  the  same  bending  load 
configuration  as  was  applied  to  Figure  2(a),  the  interferogram  in  Figure  8  was  produced. 

As  in  Figure  4,  the  crack  gives  rise  to  a  sharp  bend,  barely  noticeable,  in  the  fringes 
which  cross  the  crack  location.  In  the  corresponding  finite  element  calculation,  this 
bend  was  not  even  distinguishable  from  other  sharp  bends  arising  from  the  discrete  nature 
of  the  finite  elements;  see  Figure  9.  Linear  fringes  were  applied  to  the  finite  element 
model  of  the  plate  in  the  hope  that  these  would  render  the  crack  location  detectable.  The 
results  are  furnished  in  Figure  10.  Unfortunately,  this  figure  seems  to  be  identical  to 
wliat  one  would  expect  to  see  if  there  were  no  defects  present  in  the  plate.  The  positive 
side  of  the  analysis  was  borne  out  by  the  actual  experiment  on  the  plate  with  the  part- 
lliroug)i  flaw,  with  linear  fringes.  Lxactly  as  in  the  model,  an  undisturbed  field  of  linear 
fringes  was  observed,  just  like  those  in  the  defect  free  areas  of  Figure  6.  Figure  11  sl'.ow 
an  altimpt,  using  our  modg] ,  to  reveal  the  flaw  by  simulating  rotation  of  the  object  beam 
about  an  axis  oriented  45  to  ttie  crack.  Again,  however,  the  flaw  cannot  be  detected. 

Conclusions  and  future  work 

The  state  of  affairs  just  described  shows  simultaneously  the  benefits  of  the  computer 
model  ami  the  limitations  of  reliance  on  a  single  load  configuration  to  reveal  defects  with 
the  holographic  techniejue.  For  both  crack  configurations  shown  in  Figure  2,  the  computer 
model  lias  shown  excellent  agreement  with  the  interferograms  produced  experimentally.  Given 
tliat  a  simple  structural  analysis  can  model  so  well  the  loading  and  displacements  seen  here 
we  would  expect  the  structural  model  to  be  an  invaluable  tool  in  pursuing  viability  of  the 
fringe  linearization  technique  for  practical  applications.  Research  studies  could  be  per¬ 
formed  to  determine  by  computer  which  beam  rotations  and  loading  modes  are  best  suited  for 
interferometric  detection  of  a  particular  crack.  Here,  wo  have  observed  the  utility  of  a 
bending  load  in  revealing  a  crack  emanating  from  a  hole;  in  addition,  we  can  probably  con¬ 
clude  that  the  same  loading  is  not  as  effective  for  a  crack  which  does  not  intersect  the 
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other  types  of  loading  are  under  consideration,  and  current  plans  are  to  study  these 
further.  An  additional  loading  mechanism  appropriate  for  the  hole  in  the  plate^is  inser¬ 
tion  of  a  tapered  or  shrink-fit  plug  into  the  hole  as  described  in  Vest’s  book.  liuieed, 
this  loading  rendered  the  crack  of  Figure  2(b)  visible,  both  without  linear  fringes  (I i guro 
12)  and  with  them  (Figure  13).  At  this  point,  we  have  not  yet  modeled  tliese  interlfro- 
grams  by  computer.  The  conclusion  remains,  however,  that  diffei'ent  flaw  geometri.  s  ari' 
made  most  susceptible  to  detection  by  different  loadings.  For  many  situations,  .mil  cei - 
tainly  for  practical  defect  detection  in,  say,  aircraft  structures,  particular  static 
loadings  do  not  provide  a  range  of  mechanical  disturbances  wide  t nougli  to  reveal  all 
possible  flaws.  Continuation  of  this  research  is  therefore  expected  to  focus  in  lari)e 
measure  on  dynamic  excitation  of  mechanical  vibrations,  in  the  hoi>e  that  a  broader  spectrum 
of  response  is  activated.  Inter ferogi ams  are  naturally  more  difficult  to  obtain  wlien  the 
time  between  exposures  becomes  very  important,  as  a  double-pulsed  laser  is  necessary; 
extension  of  the  computer  models  described  above  should  provide  tjuidance  as  to  thi,'  time 
intervals  required.  Dynamic  and  modal  structural  analysis  are  available  to  [iredict  times 
and  amplitudes  of  vibration  so  that  validation  studies  can  be  carried  out  with  a  minimum 
of  guesswork. 
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Figure  1.  Loading  fixture'  used  to  iiroduce  deformation  for  the 
expcrinontal  inter ferograms . 


SPIE  Vol  523  Applications  of  Holography  (1 985)  /  1 79 


l'i(iur.'  1.  L'r-.ick  coiif  i 'Hmm  ;  i  onr.  sIumuh.  hi  l.iu^ 
paper,  (a)  One  inch  crack  emanating  from  hole,  (b)  One  inch 
crack  one  inch  below  the  hole. 


i  igiire  1.  i'y;  i  r.i  I  '' i  n  !  f  e  elem'-nt  resh  ‘'or  crack  j  n  I'l'iiin- 
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Abstract 


Holographic  FLl  technique  provides  a  means  of  reducing  fringe  clutter  noise.  Holographic  interferometry  measures  position 
changes  of  the  order  of  the  wavelength  of  the  light  used.  Moire  techniques  provide  a  means  of  desensitizing  holographic  interfer¬ 
ometry.  Moire  techniques  may  be  employed  with  FLl  with  the  objective  of  automating  the  defect  detection  process.  It  may  be  nec¬ 
essary  to  employ  a  spatial  frequency  filtering  step  to  remove  fringe  clutter  noise. 

Experimental  results  show  the  feasibility  of  the  FLl  concept  with  moire  desensitization. 

Introduction 


In  Part  I  of  this  series  of  papers,  “Hologp'aphic  Ftinge  Linearization  Interferometry  (FLl)  for  Defect  Detection;  The  Basic  Con¬ 
cept,"  it  was  shown  that  the  basic  FLl  pnicess  is  described  by  the  F'Ll  equation 

cos  (u),.x  ♦  A(x.y)l  (1) 

where  the  phase  term,  <a„x,  describes  the  linear  fringes  created  from  tilting  the  object  beam  between  exposures  and  the  A(x,y) 
phase  term  are  results  from  the  differential  loading  of  the  test  specimen  between  exposures.  To  make  the  ui„x  phase  term  the 
dominant  term  so  that  the  resulting  FLl  image  will  display  the  clean  linear  fringes,  we  must  either  restrict  the  out-of-plane 
displacements  due  to  the  loading  so  that  the  A(x,y)  phase  term  is  one-quarter  wave  per  linear/fringe  cycle  or  increase  the  linear 
fringe  phase  term  until  it  dominates  the  vector  addition. 

It  is  easy  to  increase  the  linear  fringe  frequency  —  increase  the  tilt  angle  of  the  object  beam  —  but  there  are  practical  consider¬ 
ations.  The  fringes  shouhl  have  high  visibility  for  defect  detection  This  puts  an  ui)|mt  limit  on  the  linear  fringe  frequency. 

In  this  paper  we  show  that  fringe  desensitization  can  be  achieved  by  using  moire  methods  and  descrilie  a  two-i’olor  method 
used  by  Varner'  to  yield  desensitization. 

Applications  of  moire  rocthoda  to  holographic  interferometer 


Non-periodic  functions 
Two-color  holographic  contouring 

In  holographic  interferometry,  moire  tyjH’  effects  have  been  intnsluced  to  contour  three  dimensional  objects  ii.sing  non 
IH-riiKlic  carriers'’'-.  In  this  work  multiple  source,  multiple  index  and  multiple  wavelength,  effects  have  been  utilized  to  create  the 
moire  effect.  The  desensitized  capability  of  the  two  wavelength  method  is  given  by  the  factor  Ak  -  2»(1/\|  -  l/Xj)  which  results  in  a 
change  in  the  contour  interval  of 


Al  -  X,  X,  2  A  X 


(2) 


•Work  s|>onsored  by  AkXtSR  on  t'onlract  F-liil)2l>  82  t'-IKKH 
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For  a  single  wavelength  the  contour  interval  is  X/2.  The  two  colors  create  a  contour  interval  which  is  \/AX  times  larger  than  the 
single  wavelength  contour  interval. 

It  is  this  moire  desensitization  method  which  can  be  utilized  to  overcome  the  loading  limitations  (jf  the  holographic  FLl  pro¬ 
cess.  In  particular,  we  will  extend  the  method  described  by  Abramson*  to  achieve  a  desensitization  with  the  FLl  concept  by  utiliz¬ 
ing  moire  methods. 

The  Abramson  experiment 

In  this  experiment  a  doubly-exposed  hologram  of  a  centrifugal  pump  was  made.  Between  holographic  exposures  the  internal 
pressure  of  the  pump  was  changed,  and  a  large  rigid  body  motion,  rotation,  was  also  introduced  to  the  pump.  This  rotation  pro¬ 
duced  a  great  number  of  almost  vertical  straight  fringes.  The  desired  information  concerning  the  pressure  deformation  is  hidden  by 
the  unwanted  vertical  fringes  on  the  reconstructed  image  as  shown  in  Figure  1 .  The  resulting  moire  fringe  (difference  fringe)  repre¬ 
sents  the  difference  between  the  rigid  body  motion  (rotation)  and  the  rotation  plus  the  expan.sion  due  to  pressure  change  as  shown 
in  Figure  2.  Thus,  the  moire  method  shows  the  deformation  of  the  pump  due  to  the  pressure  change  between  exposur*‘s.  Th«‘refore, 
the  moire  technique,  a  desensitizing  process,  has  been  used  to  recover  a  small  phase  change  in  a  hologram  (deformation  due  to  pres 
sure)  which  was  dominated  by  a  large  linear  phase  disturbance  (rigid  body  rotation).  Note:  If  a  transparency  is  made  on  a  copier, 
the  reader  can  recover  the  pattern  of  Figure  2  by  overlaying  the  ruling  of  Figure  2  on  l-'igure  1 . 

Inverting  the  Abramson  method 

The  Abramson  technique  can  be  modified  for  use  in  the  FU  process  for  those  situations  where  the  deformation  of  the  object 
causes  a  large  phase  disturbance  that  dominates  the  linear  fringe,  i.e.  the  deformation  due  to  the  load  violates  the  quarter  wave  per 
linear  fringe  cycle  criterion  established  earlier.  In  this  situation  we  will  consider  the  random  fringe  that  results  from  the  body  de¬ 
formation  as  the  carrier,  and  use  the  Abramson  method  to  recover  the  linear  fringe. 

This  recovery  of  the  linear  fringe  is  accomplished  by  making  two  similar  double  exposure  holograms  differing  only  in  that  in 
one,  a  linear  fringe  has  been  added  by  tipping  the  object  beam  la-tween  the  two  exposures.  Two  such  exposures  are  shown  in  Fig 
ure  3  and  Figure  4  where  the  load  was  intr<Hluce<l  by  two  thumb  si-rews  mounted  on  the  backside  of  the  plate. 

When  the  negatives  used  to  make  Figures  3  and  4  are  sandwicht-d  together,  the  Unear  fringe  is  revealed  as  shown  in  Figure  5. 
Note:  The  Unear  fringe  yielded  black  Unes  on  the  sandwich,  consequently  the  nearly  clear  Une  on  the  positive  print.  This  experi¬ 
ment  demonstrates  that  Unear  fringes  can  be  recovered  by  the  method  of  holographic  moire  so  that  two-color  holographic  moire 
could  be  used  as  a  desensitization  technique  in  the  FU  process. 


Four  exposure,  one  color,  two  hologram  moire  —  aabtrActlon 

In  the  holographic  moire  technique  described  by  Abramson*  (See  Figures  1  and  2)  the  moire  fringe  can  be  mathematicaUy  de¬ 
scribed  by  subtracting  the  phases  of  the  two  interferograms.  i.e. 

lu„x  +  A(x,y))  -  u.„x  -  A  (x,y),  (3) 


Flguru  1.  Ruoonutructud  Inwgu  from  a  douMy  axpoaad  hologram  mada  of  a  cantrlfugal  pump  with  a  holght  of  alMut  1  motor. 

Botwoon  tho  two  oxpoouraa  tho  Intomal  praoaura  of  tho  pump  waa  changod  and  tho  pump  waa  aubjoctad  to  a  largo 
rigid  body  motion  (!••>•  rotation)  (aftor  Abramaon*) 
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Figure  3.  Reconstructed  Image  (holographic  Interferogram)  from  double  exposure  hologram  #1 
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Figure  4.  Reconstructad  Imaga  (holographic  Intarfarogram)  from  double  exposure  hologram  #2.  The  linear  fringe  la  not 
obaarvaUa. 


Figure  S.  Moire  of  the  two  random  noise  Intarfarograms  Indicating  the  presence  of  the  llitear  fringe 

Since  four-exposure,  two-hologram  FLI  is  the  opposite  of  the  Abramson  case,  (i.e.  noise  carrier)  the  resulting  phase  is 

(«„x  +  A(x,y))  -A(x,y)  -  u)„x.  (4) 

In  four-exposure  FU  with  a  Phase,  A  (x,y),  due  to  differential  loading  the  two  double  exposure  holograms  can  be  represented 
as 

H,  -  +  KM  r  le'*!!"’”  r  R|,  (S) 

where  H,  is  the  sum  of  exposure  1  and  exprisure  2. 

Hi  -  je'"-*  e'*:!'**"  KM  +  ,  R|--,  (6) 
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wlM'rt'  ^,(x.y)  <^.(x.y)  i  A.  aii<l  II  .  is  Itic  siiiii  of  <'X|w<miii-  -t  ainl  i'\|Hi.siir<’  I  Iti  loii  (r>)  and  (‘i|iiali<in  ((>).  i^ilx.y)  aixl  ^^(x.y) 

rcpn'scnl  Hit'  oiil-or-plaiif  di.splacfmenlN  dm-  In  llu‘  Cw.i  ililTi-ri'iii  fnn-i-s,  U  is  Ilu-  holiiKrapluc  n‘fcr*‘n<-i‘  wave  and  A  is  Ihc  pliasi- 
rnsultiiiK  from  the  differential  loading. 

When  these  two  holograms  are  reconstructed  ami  moired.  the  moire  fringe  (difference  frequeticy)  is 

cos(ux  +  A),  (7) 

The  phase  shifts  from  the  differential  loading  phase  modulate  the  linear  fringe.  Since  these  phase  shifts  should  be  larger  at  the 
tlefect  ItH’ations,  the  four-exposure  FLI  holograms  should  he  ainenahle  to  automatic  readout. 

The  extteriments  for  this  phase  of  the  research  were  completed  using  a  l^ser  Technology,  Inc.  Instant  hologram  recording  .sys¬ 
tem.  The  system,  using  a  moiiobath  chemistry  process,  developed  the  hologram  in  place,  and  the  interference  between  the  holo¬ 
gram  virtual  image  and  the  test  object  can  be  seen  immetliately.  The  test  object  can  be  stressed  and  the  object  beam  direction 

changed  so  that  their  effects  can  be  observed  in  real  time.  This  system  allowed  us  to  perform  controlled,  FLI  experiments  to  demon¬ 
strate  the  moire  desensitization.  The  following  priK-etlure  was  us<>d. 

1 .  A  hidogram  of  state  I  is  made  and  proce.ssed  in  the  real  time  recording  system. 

2.  A  lever  arm  was  attached  to  the  center  of  the  plate  as  shown  in  Figure  li.  (Static  loading  was  chosen  because  we  made  a 

comiuiter  model  for  it;  also,  static  loading  is  easily  controlled  and  rep<-atahle  )  Tlie  real  time  holographic  system  enables  us 
to  vary  the  fringe  pattern  on  the  interferogram  until  high  frequency  noise  fringes  were  obtained.  The  resulting 

interferogram  from  the  real  time  holographic  system  (an  interferogram  between  state  1  of  the  surface  recorded  on  the 

hologram  and  state  2  due  to  the  hanging  wt'ights)  was  photographed.  Figure  7. 

:i.  The  linear  fringe  was  then  adiled  by  swinging  the  object  beam  and  the  new  interferogram  was  photographed.  Figure  8. 
Note:  The  loading  is  so  large  that  the  deformation  contours  dominate  and  the  linear  fringes  are  not  visible. 


4.  The  resulting  pattern  obtained  from  the  moire  of  Figure  7  and  8  shows  the  linear  fringe.  Figure  9. 


Figure  9  d(‘monstrates  the  feasibility  of  the  FLI  moire  prtK’ess.  However,  the  linear  fringes  are  superimixised  iqxin  the  clutter 
so  that  a  spatial  filtering  step  is  required  to  remove  the  clutter. 

Four  exposure,  one  latter,  one  hologram 

The  foiir  ex(K>sure  moire  process  can  also  be  achieved  on  a  single  hologram".  A  four  exposure  hologram  will  certainly  yield  con¬ 
fusion.  The  images  prtaluced  during  recotistruction  seem  to  Ik*  an  unwieldly  number.  If  the  four  states  are  different  wo  should  see 
the  four  states  and  an  interferogram  from  the  four  states,  two  at  a  time,  for  an  additional  six  images.  If  the  states  are  properly  se¬ 
lected,  useful  information  can  be  obtained. 


Figure  6.  Photograph  of  fixture  for  stressing  test  plate 
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Figure  8.  Interferogram  between  state  #1  of  the  test  plate  (relaxed)  and  state  #2  (hanging  weights)  with  shifted  obiect  beam 
made  In  real  time  holographic  system.  The  fringes  rotate  on  the  central  plug  because  It  Is  stiff  and  experiences  a  tilt 
from  the  hanging  weights.  Also  note  that  the  noise  fringes  are  shifted  at  the  position  of  the  crack  I.e.,  the  vector  ad¬ 
dition  gave  a  better  angle  of  the  fringes  to  the  crack  Illustrating  the  ultimate  Importance  of  fringe  direction  to  crack 
orientation 

Th«*  following  rxiMTiment  dpinonfifratcs  the  dcsensifization  that  <'an  (><•  a<'hii‘Vfil  and  shows  the  process  can  he  iillUze<t  uillt 
the  linear  frinxe 

The  states  of  the  holoftraphir  apparatus  for  the  four  exposure  hologram  are: 

State  I,  Object  relaxed.  Expt)sure  1. 

State  2,  Object  loaded  to  produce  an  interferogram.  Exposure  2 

.State  M.  Object  loud  increa.sed  such  that  (he  interference  frcuuency  hel  ween  .Stale  :t  and  .Stale  I  and  Stale  2  is  loo  high  lo  he 
visible.  Exposure  d. 
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Figure  9.  Moire  of  the  interferograms  in  Figures  4  and  5  Indicating  the  presence  of  the  linear  fringes  (negative  10  degrees  off 
the  vertical) 

Stat«'  4.  Additional  olyoct  loatl  to  slaio  similar  to  thodifforoiu-o  between  state  1  and  state  2,  plus  an  additional  small  load  and 
an  otijei  I  tieam  tip  to  produ('<‘  linear  fringes.  Exposure  4 

The  images  on  reeonslnii  nnn  will  he  an  ima^te  of  the  four  states  (and  they  should  all  appear  the  same)  and  the  interference 
(ontours  helween  stale  1  and  slate  J  and  ilu'  >  nnloui-s  between  stale  ;t  and  slate  4.  We  can  ex|)eel  these  interferograms  to  moire. 

Th<*  result  of  the  ftiur  exposure,  one  liLser  hologram  is  shown  in  Figure  1(1.  The  moire  is  the  equivalent  of  a  plate  that  had  been 
loaded  with  <i  small  load,  tis  stiown  in  Figure  1 1 .  The  loading  for  state  two  produces  an  inlerferogram  shown  in  Figure  12. 

A  linear  fringe  can  he  added  hy  swinging  the  ohjeci  beam  Iretween  stale  .'1  and  state  4.  Figure  13  shows  how  the  beam  swing 
modifies  the  interferograin  move  pattern.  Figure  14  is  the  same  as  Figure  13  with  a  larger  beam  swing.  The  higher  frequency  linear 
fringe  dotninates  the  higli  freqiieney  information  in  the  inlerferogram  and  simplifies  the  interpretation.  This  technique  may  be 
MSI  d  III  Ibipleiiienl  aiiloinalie  inlei ferogram  interpretation. 


Figure  10.  Four  exposure  moire.  The  moire  Is  between  two  Figure  11.  Double  exposure  holographic  Inlerferogram. 
Interferograms  viewed  from  the  hologram.  The  Plate  is  deformed  by  a  small  load, 

moire  compares  to  the  low  load  interferogram 
shown  In  Figure  1 1 . 


fPP  SPf^  Vof  5?3  Applir^ttorts  ttf  H(}liujf  u'f'v  <  ^ 


Figure  12.  Interferogram  obtained  with  double  exposure  Figure  13.  Four  exposure  moire  with  beam  swing  iMrtwatn 
hologram  with  load  used  In  state  two.  This  in-  exposure  3  and  exposure  4.  This  shgul'J 

terferogram  Is  nearly  Identical  with  the  Interter-  compared  to  Figure  10. 

ogram  obtained  with  the  loading  used  between 
state  3  and  state  4. 


Figure  14.  Same  as  Figure  13,  a  four  exposure  moire  with  beam  swing  between  state  3  and  state  4.  The  beam  swing  is  larger 
and  consequently  dominates  more  of  the  high  frequency  information  In  the  Interferogram. 

Four-exposure,  two-laser,  two-hologram  FLl 

In.stead  of  moireing  with  a  grating  as  (iono  liy  Abramson''  wo  <onsi<ior('(l  using  a  four  cxiMisuro.  two  laser,  two  hologram  KI.I 
l>ro<-ess  to  recover  the  linear  f’l.l  fringes  from  the  holograph^'  moire  of  the  random  noise  |)attern  produced  by  the  dynamic  loading. 
Kx|H‘rimenlally.  one  can  use  two  pulsed  lasers,  (different  colors!  as  sources  to  illuminate  the  ot)j('cl  Oiu’  of  the  lasers  will  have  a 
beam  swinging  mirror  in  the  objei't  beam  .so  that  linear  fringes  are  introduced  into  one  of  the  holograms  tiy  tilling  the  objei  t  iH-ani 
l«-l  ween  ex|)osures 


The  initial  pulses  from  the  two  lasers  will  occur  simultaneously,  and  dynamic  loading  techniques  will  be  used.  This  will  ensure 
that  both  lasers  (hence  both  holograms),  see  the  same  initial  state  of  the  surface.  The  second  two  pulses  will  be  simultaneous  so  that 
both  double  exposure  holograms  have  essentially  the  same  noise  pattern.  Photographing  the  reconstructed  images  from  the  two 
holograms  and  moireing  them  will  show  the  linear  fringes  (small  phase)  and  the  higher  frequency  defects  such  as  subsurface  cracks. 
Filtering  of  the  moire  fringes  should  result  in  high  contrast  FLI  fringes  showing  the  location  of  the  defects  as  fringe  shifts.  The  four- 
exposure,  two-laser,  two-hologram  FU  process  can  be  simplified  by  recording  the  holograms  on  the  same  Film  and  obtaining  the 
moire  beats  directly  as  suggested  by  Varner**. 

If  the  two  lasers  have  different  wavelengths,  then  the  change  in  linear  fringe  frequency  is  given  by  (K,  -  K;,)  a„  where 

K„  =  ;  n  =  1,  2 

and  a„  is  the  angle  of  the  mirror  which  is  tipped  to  introduce  the  linear  fringes. 

For  example,  if  the  two  lasers  are  frequency  doubled  YAG  (X,  -  0.53  /tm)  and  Pulsed  Ruby  (Xj  -  0.69  gm)  then  AX/XjXj  - 
0.3/X.i  so  that  the  frequency  of  the  linear  fringe  is  30%  lower  than  it  would  be  for  double  pulsed  holography  with  a  ruby  laser.  Thus, 
the  moire  fringes  resulting  from  using  two  different  lasers  have  a  period  characteristic  of  a  laser  with  a  much  longer  wavelength. 

Conclusion 

FU  provi<le8  a  mwhanlsm  for  automating  the  l(H-ating  of  clcGn-ts  that  can  he  identified  with  holographic  interferometry.  Our 
.stu<lic>s  show  methods  that  enable  the  apparent  displacement  of  test  objects  between  double  exposures  to  be  reduced.  These  tech¬ 
niques  coupled  with  the  understanding  acquired  from  verifiable  modeling  provide  an  exciting  atmosphere  for  future  experiments. 
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HOLOGRAPHIC  FRINGE  LINEARIZATION  INTERFEROMETRY  (FLI)  FOR  DEFECT  DETECTION 
George  O.  Reynolds,  Honeywell  Electro-Optics  Division,  Wilmington,  MA 

ABSTRACT 

The  Holographic  FLI  process  consists  of  swinging  the  object  beam  between  exposures 
of  a  double  exposure  hologram  to  add  a  linear  fringe  to  the  reconstructed  image.  The  amount  of 
beam  swing  controls  the  extent  to  which  the  fringes  are  linearized.  Finite  element  analysis  u.sing 
the  ANSYS  code  yields  results  in  excellent  agreement  with  experiment. 

1.  INTRODUCTION 

In  this  paper,  we  show  that  the  complicated  interference  pattern  resulting  from 
double-exposure  holography  can  be  reduced  to  a  simple  linear  fringe  pattern  using  Fringe  Lineari¬ 
zation  Interferometry.'  -  Furthermore,  fringe  shifts  on  the  resulting  linear  fringe  pattern  clearly 
indicate  the  location  of  througli  cuts  and  sub-surface  cuts  in  test  plates  under  static  loading  condi¬ 
tions. 

The  fringe  shifts  at  the  site  of  the  defects  (cracks  and  sub-surface  cracks)  in  the  Holo¬ 
graphic  f’LI  method  have  characteristic  Fourier  signatures  that  are  amenable  to  automatk-  readout 
t(*chni(iues  for  defect  location.  This  is  experimentally  demonstrated  in  a  Fourier  diffractometer 
where  the  interference  effects  at  the  site  of  defects  using  Holographic  FLI  have  demon.strably  dif¬ 
ferent  diffraction  patterns  (Fourier  signatures)  from  those  in  the  linear  fringe  region  where  no  de¬ 
fects  are  pre.sent. 

2.  THE  BASIC  FLI  PROCESS 

In  the  FLI  process  the  first  hologram  is  made  when  the  object  is  in  state  #1.  Between 
exposures  the  object  beam  is  moved  through  an  angle,  6</>,  and  the  load  on  the  object  is  changed  to 
create  state  #2  of  the  object.  A  second  exposure  on  the  same  film  is  made  of  the  object  in  state  #2. 
The  reference  beam  is  identical  for  both  holograms.  Upon  reconstruction,  the  holographic  images 
from  the  two  exposures  combine  coherently  and  the  pha.se  difference  describing  the  two  different 
states  of  the  object  forms  an  interference  pattern  (laced  with  linear  fringes)  superimpo.sed  upon  the 
image  of  the  object.  By  controlling  the  frequency  of  the  linear  fringes,  it  is  possible  to  remove  the 
fringe  shifts  a.s.sociated  with  small  displacements  (clutter)  and  keep  the  information  concerning  the 
larger  displacements  (defects)  as  a  phase  .shift  on  the  linear  fringes. 

Analysis  shows  that  the  intensity  distribution  in  the  reconstructed  image  of  a  double 
exposure  FLI  Holographic  Interferogram  is 

1(X)  =  |f(x,t)|“  [2  +  2  cos (kx„x ' /f  +  K  (A(/)x")  +  AiZ-lx')])],  (1) 

where  kx,./f  is  the  linear  fringe  freijuency, 

A0(x")  is  the  differential  .surface  displacement  due  to  the  defect  at  the  position  of 
t he  defect ,  x "  ,  A^(x ' )  is  the  differential  surface  displacement  of  the  remainder  of  the  test  object , 
and  |f(x,t)|-  is  the  normal  holographic  image  of  the  object  at  the  time  t. 

Equation  (1)  shows  that,  in  general,  a  complex  fringe  pattern  is  super-imposed  upon 
the  object.  If  we  assume  that 


x„x'/f  >  A^(x'), 


(2) 


and 

x,.x'/f  <  A0(x")  >  >  A^^-(x'),  (3) 

then,  Equation  (1)  becomes 

I(x')  =  |f(x',t)|2  [2  +  2  cos  (kx„x'/f  +  KA<^x")|  ]  ).  (4) 


Equation  (4)  shows  that  under  the  assumptions  given  in  Equations  (2)  and  (3),  the  re¬ 
constructed  interferometric  image  is  laced  with  linear  fringes  having  fringe  shifts  at  the  locations 
of  the  defects. 

It  is  apparent  from  these  results  that  if  Holographic  FLI  is  to  be  feasible  and  viable, 
we  must  control  the  linear  fringe  phase  terms,  x„x/f,  so  that  it  dominates  the  phase  term,  A^^{x '  ,y ' ) 
resulting  from  the  differential  loading.  Experimentally,  this  task  was  accomplished  by  increasing 
the  fringe  frequency  until  the  x„x/f  phase  term  dominates  the  A^(x ' ,  y ' )  phase  term  resulting  from 
the  differential  loading.  Obviously,  if  the  defect  is  to  be  found  as  a  shift  of  the  linear  fringes  at  the 
defect  site  then  its  out  of  plane  displacement  must  be  greater  than  X/4  per  linear  fringe  period  as 
described  in  Equation  (2). 

3.  DEMONSTRATION  OF  THE  HOLOGRAPHIC  FLI  CONCEPT 


A.  Specimen,  Loading,  Mechanism  and  Test  Fixture 

The  test  specimen  (Figure  1)  designed  for  the  FLI  experiments  is  a  100  mm  x  100  mm 
X  3. 125  mm  (4  in.  x  4  in.  x  0. 125  in.)  aluminum  plate  which  has  a  circular  hole  located  at  its  center. 
The  diameter  of  the  hole  is  24.94  mm  (0.9976  in.). 


A  through  cut  on  one  plate  and  a  rear  surface  partial  cut  on  another  plate  originating 
at  the  hole  were  used  as  the  defects.  Both  cuts  were  approximately  one  inch  in  length.  The  test 
plates  were  placed  in  a  stable  fixture  and  attached  on  three  sides. 

A  loading  mechanism  consisting  of  a  lever  arm  attached  to  the  edges  of  the  hole  was 
designed  to  give  maximum  out  of  plane  displacement  of  the  test  specimen  (Figure  2)  at  the  location 
of  the  cut  defect  to  give  a  distinctive  holographic  signature.  Weights  were  hung  from  the  lever  arm 
between  exposure  to  create  the  differential  loads  statically. 

B.  The  Numerical  Model 

The  experiments  have  been  modeled  using  finite  element  analysis  and  agreement  be¬ 
tween  the  model  and  the  experiment  was  found  to  be  excellent.  To  model  the  test  configuration, 
finite  element  meshes  were  constructed  using  the  commercial  computer  code  ANSYS*^  for  the  crack 
configurations  shown  in  Figure  10.  One  such  mesh  is  shown  in  Figure  3,  in  which  the  flaw  extends 
upward  and  to  the  left  from  the  hole.  The  boundary  conditions  imposed  on  the  model  correspond  to 
those  in  the  experiment:  both  side  boundaries  and  the  bottom  boundary  were  all  clamped:  the  top 
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boundary  was  left  free.  The  moment  applied  to  the  test  plate  was  simulated  in  the  model  by  equal 
and  opposite  out-of-plane  forces  applied  at  the  top  and  bottom  of  the  hole  as  illustrated  in  Figure  2. 
The  magnitude  of  these  forces  was  such  that  the  total  applied  torque  was  3.6  inch-pounds. 

Structurally,  therefore,  the  model  can  be  made  to  correspond  to  the  experiment  in  all 
respects.  A  mechanical  analogue  for  the  beam  rotation  is  also  easy  to  provide,  and  this  allows  fringe 
linearization  to  be  part  of  the  model  as  well.  The  mechanical  analogue  is  in  fact  a  rigid-b<*dy  rota¬ 
tion  of  the  plate.  Just  as  the  field  of  linear  fringes  dominates  other  fringe  patterns  as  the  beam  rota¬ 
tion  is  increased,  so  does  the  displacement  of  field  of  the  rigid-body  rotation  dominate  other 
displacement  fields  as  the  mechanical  rotation  is  increased.  Indeed,  the  experimental  fringe  lineari¬ 
zation  could  also  be  accomplished  by  rotation  of  the  specimen,  but  in  practice,  the  beam  rotation 
can  be  performed  much  more  easily. 

Once  the  rotation  axis  is  selected,  the  nodes  on  the  clamped  boundaries  must  be  as¬ 
signed  rotations  with  respect  to  the  coordinate  axes  so  that  the  plate  rotation  has  the  appropriate 
value  (here,  600  microradians)  with  respect  to  the  chosen  rotation  axis.  In  addition,  these  nodes 
must  be  assigned  out-of-plane  displacements  according  to  their  distance  from  the  rotation  axis. 
Whfcii  imposed  correctly,  these  additional  boundary  conditions  model  the  experimentally  observed 
fringe  linearization  extremely  well. 

C.  Results  and  Discussion 

The  results  of  the  analysis  for  the  geometry  in  Figure  1  demonstrate  the  accuracy  and 
utility  of  the  finite  element  structural  analysis  in  modeling  the  holographic  FLI  technique.  Only  the 
results  obtained  with  the  part  through  flaw  will  be  discussed  here.  Other  examples  are  given  in  the 
literature." '  The  computer  model  with  differential  loading  between  exposures  gives  the  results 
shown  in  Figure  4.  The  effect  of  the  crack  can  be  observed  as  a  modestly  sharp  bend  of  the  fringes 
in  the  region  of  the  crack.  These  bends  are  not  obvious  and  would  be  particularly  difficult  to  detect 
using  an  automated  scanning  procedure.  Without  a  prior  knowledge  of  the  crack  location,  how¬ 
ever,  the  bend  in  fringes  to  the  upper  left  of  the  hole  has  no  apparent  distinction  from  other  bends 
in  the  plot,  which  arise  due  to  the  discrete  nature  of  the  finite  elements  used  to  model  the  plate.  (In 
F'igure  4  and  sub.sequent  com|)uter  plots,  the  dashed  line  corresponds  to  zero  displacements.) 

The  fringe  patterns  from  the  experiment  and  the  analysis  agree  very  well," '  but  one 
implication  of  this  agreement  is  that  flaw  detection  may  prove  difficult  using  conventional  double 
exposure  interferograms.  This  difficulty  was  a  primary  motivation  for  development  of  a  linear 
fringe  technique. 

Linear  fringes  were  next  superimposed  on  Figure  4  with  the  result  shown  in  Figure  5. 
The  beam  rotation  use<l  was  600  microradians,  and  again  the  moment  loading  was  3.5  inch-pounds. 
The  linear  fringes  smooth  out  the  fringe  pattern  of  Figure  4,  but  the  barely  noticeable  flaw  signa¬ 
ture  in  Figure  4  is  the  dominant  feature  of  Figure  5.  The  linear  fringes  have  e.ssentially  wiped  out  all 
th«'  smoothly  varying  slopes  of  Figure  4,  so  that  the  discontinuous  slopes  a.ssociated  with  the  part- 
througli  cut  immediately  catch  one’s  attenti«»n.  In  a<idition,  the  homogeneity  of  the  linear  fringes 
away  from  the  flaw,  together  with  the  sharp  bends  at  the  flaw,  provide  the  features  needed  for  an 
automatic  detection  procedure. 

The  inadecjuate  r(*.sohition  of  the  output  device  u.sed  in  plotting  the  results  of  the  fi¬ 
nite  element  analysis  makes  the  fringes  jagged  in  places.  However,  the  agreement  with  the  experi 


merit  results  is  excellent.**^  The  linear  fringes  dominate  over  the  entire  plate,  except  at  the  flaw, 
where  the  sharp  bend  in  the  fringes  occur.  In  the  experiment  the  FLI  results  are  even  more  dra¬ 
matic  because  the  FLI  fringes  are  continuous. 

4.  POTENTIAL  FOR  AUTOMATIC  READOUT 

The  linear  fringe  in  the  two-exposure  Holographic  FLI  process  readily  lemls  it.self  to 
using  an  automatic  readout.  Although  this  has  yet  to  be  implemented,  conclusive  experimental  evi¬ 
dence  was  obtained  showing  that  effects  are  present  at  the  defect  site  in  the  linear  fringe  holo¬ 
graphic  reconstruction  which  can  be  detected  and  used  for  the  automatic  readout.  These  effects 
were  obtained  by  using  a  two-dimensional  spatial  Fourier  transforming  sy.stem  to  display  the  signa¬ 
tures. 

5.  SUMMARY  AND  CONCLUSIONS 

Other  types  of  loading  are  under  consideration,  and  current  plans  are  to  study  these 
further.  For  many  situations,  and  certainly  for  practical  defect  detection  in,  say,  aircraft  struc¬ 
tures,  particular  static  loadings  do  not  provide  a  range  of  mechanical  disturbances  wide  enough  to 
reveal  all  possible  flaws.  Continuation  of  this  research  is  therefore  expected  to  focus  in  large  mea¬ 
sure  on  dynamic  excitation  of  mechanical  vibrations,  in  the  hope  that  a  broader  spectrum  of  re¬ 
sponse  is  activated.  Interferograms  are  naturally  more  difficult  to  obtain  when  the  time  between 
exposures  becomes  very  important,  as  a  double-pulsed  laser  is  necessary;  extension  of  the  com¬ 
puter  models  described  above  should  provide  guidance  as  to  the  time  intervals  required.  Dynamic 
and  model  structural  analysis  are  available  to  predict  times  and  amplitudes  of  vibration  so  that  vali¬ 
dation  studies  can  be  carried  out  with  a  minimum  of  guess  work. 

This  study  demonstrates  that  measurable  and  detectable  results  characterize  defects 
measured  by  the  FLI  Technique.  These  effects  can  be  exploited  in  the  development  of  an  automatic 
readout  system. 
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Figure  1.  Crack  Configurations  Studied  in  This  Paper.  One  Inch  Crack  Emanating  from  One  Inch 

Hole  in  a  4  inch  Plate 

-»|  K-  0  i  In 


Figure  2.  Force  Loading  Used  to  Model  Hanging  Weight  Loading  Mechanism 


Figure  3.  Typical  Finite  Element  Mesh  for  Crack  in  Figure  1 


Figure  4.  Computer  Model  Results  Corresponding  to  Figure  1  with  Differential  Loading 

Between  Exposures 


Figure  5.  Reconstructed  Image  from  FLi  Model  with  Linear  Fringe  Added  to  Predominate  the 
Clutter  Fringes  and  Show  the  Location  of  the  Subsurface  Cut 
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Abstract.  In  normal  double-exposure  holography  with  impulse  loading,  it  is 
very  difficult  to  locate  defects  because  fringe  clutter,  which  is  due  to  random 
motion  between  exposures,  often  dominates  the  fringe  shifts  caused  by  the 
presence  of  subsurface  defects  (cracks,  disbonds,  etc.).  We  attempted  to  sim¬ 
plify  the  defect  location  problem  by  developing  a  concept  more  amenable  to 
automatic  readout  techniques.  Our  approach  to  incorporate  this  change  is  quite 
simple.  We  swing  the  object  beam  between  the  two  exposures,  which  s(Ms  a 
linear  fringe  to  the  reconstructed  image.  Proper  selection  of  the  fringe  fre¬ 
quency  (angle  of  object  beam  swing)  and  the  loading  force  creates  a  recon¬ 
struct^  image  laced  with  linear  fringes  that  have  fringe  shifts  at  the  defect 
locations  that  are  highly  visible.  We  describe  the  theory  of  the  process.  Experi¬ 
ments  performed  with  static  load  illustrate  that  the  defect  is  seen  as  fringe 
shifts  on  a  linear  carrier.  Both  through  cuts  and  rear-surface  cuts  in  a  metal  test 
plate  were  used  to  simulate  defects.  We  further  show  that  the  defects  have 
characteristic  Fourier  signatures  different  from  those  of  the  carrier. 

Subject  terms:  hologrephy:  hologrephic  interferometry;  ho/ogrephic  nonriestructive  evet- 
uatiori  diffreetomelers;  finite  element  enefysis;  ANSYS  code. 
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1.  INTRODUCTION 

Double-exposure  holographic  interferometry  has  been  successfully 
demonstrated  in  a  number  of  applications  including  nondestructive 
testing  and  metrology. This  technique  holds  promise  for  many 
nondestructive  evaluation  (N  DE)  applications.  H  owever.  it  has  beeh 
limited  in  reaching  its  full  potential  due  to  its  inability  to  interpret  the 
complicated  interference  patterns  that  result  from  the  lest  specimen 
being  in  different  mechanical  and/or  thermal  states  at  the  time  of  the 
two  exposures. 

In  this  paper,  we  show  that  the  complicated  interference  pattern 
resulting  from  double-exposure  holography  can  be  reduc^  to  a 
simple  linear  fringe  pattern  using  fringe  linearization  interferometry 
(FLI),  a  modification  of  conventional  double-exposure  holographic 
interferometry.  Furthermore,  fringe  shifts  on  the  resulting  linear 
fringe  pattern  clearly  indicate  the  location  of  through  cuts  and  sub¬ 
surface  cuts  in  lest  plates  under  static  loading  conditions. 

The  fringe  shifts  at  the  site  of  the  defects  (cracks  and  subsurface 
cracks)  in  the  holographic  FLI  method  have  characteristic  Fourier 
signatures  that  arc  amenable  to  automatic  readout  techniques  for 
defect  location.  This  is  experimentally  demonstrated  in  a  Fourier 
diffractometer,  where  the  interference  effects  at  the  site  of  defects 
using  holographic  FLI  have  demonstably  different  diffraction  pat¬ 
terns  (Fourier  signatures)  from  those  in  the  linear  fringe  region  where 
no  defects  are  present. 

2.  OBJECTIVE  OF  HOLOGRAPHIC  FLI 

Ihc  objective  of  holographic  FLI  is  to  replace  the  complicated 
interference  pattern  resulting  from  conventional  dtfuble-exposure 
holographic  interferometry  by  a  simple  linear  fringe  pattern.  Holo¬ 
graphic  FLI  is  potentially  capable  of  detecting  and  locating  defects  in 
inspection  applications  involving  large  areas. 

In  the  FLI  technique,  linear  fringes  are  introduced  in  the  forma¬ 
tion  step  of  double-exposure  holographic  interferometry  by  utilizing 
a  beam  deflector  in  the  object  beam  between  the  two  holographic 
exposures.  The  addition  of  the  linear  fringes  to  the  interferogram 
makes  the  pattern  much  easier  to  interpret.  A  distinctive  signature 
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Fig.  1 .  Doubla-axpoturaliolographicintarfarograms.  (■)Complicata<lfring8pattarnona48  in.  by  26  in.  panel  uaing  the  double-pulsed  holographic  NOT 
technique.  An  impulse  loading  tachniqua  was  utilixed.  The  areaa  of  ttraaa  corroaion  cracking  are  indicated  by  fringe  shifts  in  the  boxed-in  areas  (from  Ref . 
4).  (b)  Holographic  intarferogram  of  Coke  can  straesed  with  elastic  band,  (c)  FLI  version  of  Fig.  1  (b). 


(fringe  shift)  at  the  site  of  a  defect  is  maintained,  while  the  clutter 
pattern  is  reduced  to  a  field  of  linear  fringes. 

In  Fig.  1(a)  we  have  a  typical  cluttered  fringe  pattern  resulting 
from  double-exposure  holographic  interferometric  testing  of  a 
panel.  The  stress  corrosion  cracking  is  indicated  and  highlighted  by 
the  fringe  shifts  in  the  boxed-in  areas.  It  is  apparent  that  locating  the 
desired  fringe  shift  information  within  the  complicated  fringe  pattern 
is  quite  difficult. 

In  Fig  Kb)  we  show  another,  less  complicated,  fringe  pattern. 
This  pattern  resulted  from  a  double-exposure  hologram  of  an  alumi¬ 
num  can  St  ressed  with  an  elastic  band.  Between  exposures  the  elastic 
band  was  cut,  causing  a  large  local  deformation  at  the  position  of  the 
elastic. 

In  Fig.  1(c),  we  see  the  effect  of  adding  the  linear  fringe  pattern  by 
tilting  the  object  beam  between  exposures  of  the  two  holograms.  We 
see  that  the  complicated  fringe  pattern  in  Fig.  1(b)  has  been  simpli¬ 
fied  to  the  linear  fringe  pattern  of  Fig.  1(c)  with  a  phase  shift  at  the 
region  of  the  elastic  band  where  the  differential  force  was  applied. 
The  fringes  are  not  quite  linear  but  rather  more  quadratic  in  nature 
because  of  the  curvature  of  the  object.  A  higher  frequency  linear 
fringe  is  needed  to  linearire  these  quadratic  fringes.  It  is  the  simplifi¬ 
cation  of  this  interference  pattern  that  forms  the  basis  for  the  holo¬ 
graphic  FLI  concept. 

3.  BASIC  THEORY  OF  HOLOGRAPHIC  FLI 

3.1.  Object  beam  shifUnf  to  create  linear  firinges 

The  principle  of  shifting  the  object  wave  between  exposures  in 
double-exposure  holographic  interferometry  to  create  linear  cosine 
fringes  in  the  reconstructed  inierferogram  has  been  illustrated  in  the 
literature.’ The  fringes  have  a  period  X/ 09  in  object  space,  where  Mis 
the  amount  of  angular  shift  ^tween  the  object  beams  and  A  is  the 
wavelength  of  the  laser  light.  An  analysis  utilizing  Fourier  transform 
holography  and  a  finite-sized  object  is  given  here  to  illustrate  the 
principle  of  FLI. 

3.2.  Fourier  transform  holographic  FLI  aiudyrii 

The  Fourier  transform  configuration  (Fig.  2)  will  be  analyzed  for 
simplicity.  An  analysis  for  sideband  Fresnel  holographic  FLI 
appears  in  the  Appendix.  Fourier  transform  holograms  reconstruct 
by  performing  Fourier  transforms,  rather  than  the  more  complicated 
procedure  of  focusing  Fresnel  transforms,  which  is  necessary  for 
sideband  Fresnel  holograms. 

In  the  FLI  process  the  first  hologram  is  made  when  the  object 
beam  is  in  state  No.  I .  Between  exposures  the  object  beam  is  moved 
through  an  angle  M,  and  the  load  on  the  object  is  changed  to  create 
state  No.  2  of  the  object  A  second  exposure  on  the  same  film  is  made 


Fig.  2.  Schematic  of  Fourier  traneform  hologram  cyttem  for  douMe- 
axpoaure  interferometry  ueing  a  lena  of  focal  length  f. 


of  the  object  in  state  No.  2.  The  reference  beam  is  identical  for  both 
holograms.  Upon  reconstruction,  the  holographic  images  from  the 
two  exposures  combine  coherently,  and  the  phase  difference  describ¬ 
ing  the  two  different  states  of  the  object  forms  an  interference  pattern 
(laced  with  linear  fringes)  superimposed  upon  the  image  of  the 
object.  By  controlling  the  frequency  of  the  linear  fringes,  it  is  possible 
to  remove  the  fringe  shifts  associated  with  small  displacements  (clut¬ 
ter)  and  keep  the  information  concerning  the  larger  displacements 
(defects)  as  a  phase  shift  on  the  linear  fringes.  [Fig.  1(c)].  We  will  now 
describe  this  process  mathematically  using  the  Fourier  transform 
hologram  recording  process  illustrated  schematically  in  Fig.  2. 

The  irradiance  in  the  hologram  plane  of  Fig  2  for  the  first 
exposure  is 

H(x)  =  -f.  T(x,t)P  .  (I) 

where  ~  denotes  a  Fourier  transform  and  f(x,t)  represents  the  sur¬ 
face  deformations  on  the  complex  test  object  at  time  t. 

If  a  prism  of  angle  6$  is  used  to  shift  the  direction  of  the  object 
wave  and  another  hologram  is  recorded  on  the  same  recording 
medium  (note;  in  double-exposure  holographic  interferometry,  a 
different  state  of  the  dynamic  object,  f(x,t| ),  is  usually  captured  on 
the  hologram),  the  irradiance  of  the  second  hologram  is 

H(x)  =|e''‘*’''’<fo/0  -F  T(x-x„.t|)|2  ,  (2) 

where  from  the  shift  theorem  of  Fourier  analysis 

x„  =  ftan(M)  (.1) 
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Reconstruction  of  the  two  holograms  described  in  Eqs.  (1)  and  (2) 
with  a  lens  of  focal  length  f  results  in  a  reconstructed  image  centered 
at  the  position  x'  =  of  the  reconstructed  image  plane  given  by 


l(x)  -  image  =  f(x',f)  +  f(x',t|)e‘'‘*o*'/f|2 


(4) 


We  will  now  investigate  the  implications  of  Eq.  (4)  for  various 
conditions  of  interest. 


Case  1:  linear  fringes 
lff(x',t)  =  f(x',t|)  .then 


l(x')  =  [f(x',t)]^|  I  + 

=  [f(x'.t)]2  1^2  +  2cos(^^ 


(5) 


i.e.,  the  image  of  the  object  is  laced  with  “linear"  cosine  fringes  of 
frequency  V  =  tan(6fl)/X. 


Case  2:  response  of  the  defect 

To  extend  this  analysis  to  include  the  response  of  a  defect,  assume 
that  the  defect  of  interest  causes  a  differential  surface  displacement 
A0(x")  at  the  position  of  the  defect  when  loaded  between  the  two 
exposures.  This  displacement  behaves  as  an  optical  phase  function 
in  the  hologram.  A  simplified  analysis  would  assume  f(x',t)  =  I, 
and  f(x',t|)  =  ^  in  Eq.  (4).  The  revised  image  of  Eq.  (5) 

would  be 


l(x')  —  ideal  image  =  2  f  2cos 


kXgX' 


f 


+  k^d.(x") 


(6) 


where  x"  denotes  the  position  of  the  defect  in  the  x'  coordinate 
system. 

I  he  surface  displacement  differential  appears  as  a  phase  modula¬ 
tion  of  the  linear  fringes  and  has  a  shape,  size,  and  location,  A4>(s."), 
characteristic  of  the  defect.  We  call  this  the  ideal  image  because  of  the 
simplifying  assumptions  used  in  deriving  Eq.  (6). 


Case  3:  response  of  the  defect  and  random  surface  displacements 
(clutter  noise) 

In  any  situation  where  the  object  surface  undergoes  a  differential 
loading  between  the  two  exposures,  ffx'.t,)  in  Eq.  (4)  would  be 


f(x',t,)  =  + 


(7) 


where  A<>(x")  is  the  differential  surface  displacement  due  to  the 
defect  at  the  position  of  the  defect  x",  and  Ailiix')  is  the  differential 
surface  displacement  of  the  remainder  of  the  test  object. 

Use  of  Eq.  (7)  in  Eq.  (5)  yields 


/  1  kx-x' 

l(.x)  -  lf(x.i)l^  (2  +  2cos  I — j- 

-I  k[Ad.(x")  4  AiA(x')]  , 


(«) 


wherclf(x.l)  I  ■  is  the  normal  holographic  image  of  the  object  at  timet. 

Equation  (8)  shows  that  in  general  a  complex  fringe  pattern  is 
superimposed  upon  the  object.  If  we  assume  that 


x,,x 


f 

and 


>Aili(n’) 


(9) 


<  Ad>(x")  »  AiA(x')  . 


(10) 


then  Eq.  (8)  becomes 


l(x')  =  Iflx'.t)!’  |2  4  2cosj^ — ^  4  kA<i(x")j| 


(ID 


Equation  (II)  shows  that  under  the  assumptions  given  in  Eqs.  (9)  and 
( 10)  the  interferometric  image  is  laced  with  linear  fringes  with  fringe 
shifts  at  the  locations  of  the  defects. 

The  result  in  Eq.  (8)  illustrates  that  the  normal  fringe  pattern  of 
holographic  interferometry  is  phase-modulated  onto  the  cosine  car¬ 
rier,  which  is  created  by  shifting  the  object  wave  between  the  expo¬ 
sures.  Therefore,  we  see  that  the  basis  of  holographic  FLI  is  to  create 
linear  fringes  in  two-exposure  holographic  interferometry  by  shifting 
the  object  beam  between  exposures  of  the  two  holograms  and  to 
control  either  the  loading  and/  or  the  fringe  frequency  to  ensure  that 
the  assumptions  given  in  Eqs.  (9)  and  ( 10)  are  experimentally  realiz¬ 
able.  This  approximation  is  nearly  realized  in  Fig.  1(c),  where  the 
loading  was  extremely  localized  and  very  large. 


3.3.  Fringe  localization  with  holographic  FLI 

The  issue  of  fringe  localization  in  holographic  interferometry  has 
been  thoroughly  investigated.'  The  linear  fringes  resulting  from  lilt¬ 
ing  the  object  beam  between  exposures  in  holographic  FLI  appear  to 
be  localized  in  the  space  on  and  about  the  object.  1  hesc  fringes  can  be 
made  to  appear  in  front  of  or  behind  the  reconstructed  object  or 
actually  on  the  object  surface.  In  the  research  presented  in  this  paper 
the  latter  situation  is  most  desirable.  A  thorough  mathematic  analy¬ 
sis'  shows  that  the  fringe  localization  depends  upon  the  geometry  of 
the  holographic  recording  and  viewing  systems. 

In  holographic  interferometry,  the  fringe  localization  depends 
upon  the  curvature  of  the  object  illumination  wavefront  at  the  object 
surface.  The  curvature  of  the  reference  beam  is  unimportant  as  long 
as  it  is  equivalent  to  the  curvature  of  the  reconstruction  wave,  lb 
guarantee  that  the  linear  fringes  in  holographic  FLI  will  be  localized 
on  the  surface  of  the  reconstructed  object,  we  utilize  collimated 
illumination  for  the  object  beam  in  forming  the  holograms.  The 
actual  experimental  holographic  recording  arrangement  used  in  the 
experiments  is  shown  in  Fig.  3. 


4.  UNDERSTANDING  FLl/VECTOR  ADDITION 
OF  PHASES 


4.1.  Expcrimcnl  demonstrating  the  vector  addition  of  phases 

The  fundamental  concept  for  understanding  why  the  holographic 
FLI  process  works  is  that  of  the  vector  addition  of  phases  in  the 
holographic  process,  as  shown  in  Eq.  (8).  The  phase  of  the  linear 
fringes  resulting  from  tilting  the  object  beam  between  exposures  of  a 
double-exposure  hologram  adds  vectorially  to  the  phase  due  to  the 
surface  deformation  contours  caused  by  differentially  loading  the 
object.  The  system,  shown  schematically  in  Fig.  3,  was  used  to 
demonstrate  the  vector  addition  principle  for  two-exposure 
holography 

In  Fig.  4  we  show  the  results  for  the  case  of  an  object  tilt  about  one 
axisanda  beam  rotation  about  the  otheraxis.  Figure  4(a)  shows  the 
linear  fringes  present  in  the  reconstructed  image  of  a  double- 
exposure  hologram  arising  from  tipping  the  test  plate  about  the 
x-axis  between  exposures.  Figure  4(b)  shows  linear  fringes  resulting 
from  rotating  the  object  beam  about  the  y-axis  between  exposures. 
Figure  4(c)  shows  the  linear  fi  mges  arising  from  the  vector  addition 
of  the  phases  resulting  from  tilting  the  test  plate  as  in  Fig.  4(a)  and 
rotating  the  object  beam  as  in  Fig.  4(b)  between  exposures.  The 
resulting  fringes  in  Fig.  4(c)  are  rotated  through  an  angle.  The 
horizontal  and  vertical  phases  have  been  added  vectorially  to  pro¬ 
duce  the  rotated  linear  fringe  pattern.  Figure  4(c)  also  shows  that  the 
higher  frequency  x-axis  phase  due  to  tilting  the  test  plate  is  larger 
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Fig.  3.  Exp«rimai.*«l  arrangatnant  for  holographic  FLI  axparimantt  show¬ 
ing  collimatad  objact  illumination  for  obtaining  fringa  localization  on  tha 
turfaca  of  tha  raconatructad  imaga. 


than  the  y-axis  phase  resulting  from  a  small  rotation  of  the  object 
beam.  I  hus  when  the  two  are  vectorially  added  in  the  two-exposure 
hologram,  the  x-axis  phase  greatly  controls  the  amount  of  rotation. 

To  demonstrate  that  it  is  the  vector  addition  of  phases  that  has 
occurred  in  the  experiments  shown  in  Fig.  4,  we  examine  the  Fourier 
spectrum  of  each  of  the  reconstructed  images  of  Fig.  4.  In  Fig.  5  we 
show  the  spectra,  f  igure  5(a)  is  the  Fourier  transform  of  Fig.  4(a); 
Fig.  5(b)  is  the  Fourier  transform  of  Fig.  4(b);  Fig.  5(c)  is  the  Fourier 
transform  of  Fig.  4(c)  I  he  higher  diffraction  orders  are  due  to  film 
nonlineanties. 

If  we  now  record  and  superimpose  the  position  of  the  first  har¬ 
monic  along  the  y-axis  of  Fig.  5(a)  [see  arrow  in  Fig.  5(a)]  with  the 
first  harmonic  along  the  x-axis  of  Fig.  5(b)  (sec  arrow  in  Fig.  5(h)] 
with  the  first  harmonic  in  the  x-y  plane  of  Fig  5(c)(see  arrow  In  Fig 
5(c)j,  we  obtain  the  result  shown  in  Fig.  6.  Clearly,  the  first  harmonic 
of  Fig  5(a)has  added  vectorially  to  the  first  harmonic  of  Fig  5(b)to 
give  the  resultant  first  harmonic  of  Fig.  5(c).  I  his  series  of  experi¬ 
ments  clearly  demonstrates  that  the  holographic  FLI  process  docs 
indeed  produce  a  vector  addition  of  the  phases  that  leads  to  the 
desired  linear  fringe  pattern  in  the  reconstructed  image. 

4.2.  Basic  holographic  FLI  process 

The  experimental  procedure  for  the  holographic  FLI  process  is 
described  as  follows;  ( I )  Form  a  conventional  hologram  with  the  test 
specimen  in  a  given  stress  state.  (2)  Add  an  additional  loading  to  the 
test  fixture  to  change  the  stress  state  of  the  specimen.  (3)  Tilt  the 
object  beam  and  keep  the  reference  beam  fixed.  (4)  Form  the  second 
hologram  on  the  same  recording  medium  with  a  second  exposure. 
(5)  Process  and  reconstruct  the  double-exposure  hologram. 

As  shown  in  Eq.  (8),  the  resulting  reconstructed  holographic 
interferogram  has  cosine  fringes  of  the  form 

Fringes  ~  cos[tux'  +  A(x',y')]  .  (12) 


Ml . niiM  I 


lb) 


(cl 


Fig.  4.  Exparimantal  demonstration  of  the  vector  addition  of  linear 
fringes  in  double-exposure  holography.  Reconstructed  imaga  of  double- 
exposure  hologram  resulting  from  (a)  tipping  the  test  plate  about  the 
X-axis  between  exposures,  |b|  rotating  the  obiact  beam  about  the  y-axis 
between  exposures,  and  (c)  rotating  the  object  beam  about  tha  y  iixis  and 
tipping  tha  test  plats  about  the  x-axis  between  exposures 


where  (tux')  =  kx„x'  represents  the  phase  of  the  linear  Iringe 
obtained  from  tilting  the  object  beam  between  exposures  of  the  two 
holograms  and  A(x',y')  =  kA<Wx",y”)  +  Ai/dx'.y')  represents  the 
phase  term  describing  the  difference  in  the  out-of-phase  surface 
deformations  resulting  from  the  loading  force  added  prior  to  form- 
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Fig.  5.  (a)  Fouriar  apactrum  of  tha  raconatructad  imaga  of  Fig.  4(a)  ahow- 
ing  tha  delta  functiona  along  the  y-axia.  |b|  Fouriar  apactrum  of  the 
raconatructad  image  of  Fig.  4(b)  ahowing  tha  delta  functiona  along  tha 
x-axia.  (c)  Fouriar  apactrum  of  tha  raconatructad  imaga  of  Fig.  4(c|  ahow¬ 
ing  the  delta  functiona  in  the  (x-y)  plana. 


ing  (he  second  hologram.  Equation  (12)  is  referred  to  as  the  FI. I 
equation. 

4J.  Interpretation  of  vector  fringe  addition  leading  to  the  loading 
Umitalion 

Interpreting  the  experimental  results  demonstrated  in  Fig.  5  in  terms 
of  the  basic  Interference  equation  of  two-exposure  FI.I  holography, 
Eq.  (12).  led  lo  the  following  conclusion:  If  the  out-of-plane  defor¬ 
mation  of  the  test  plate  due  to  differential  loading  between  expo¬ 
sures,  which  yields  the  ,^(x'.y')  phase  term  in  Eq.  (12).  is  greater  than 
one-quarter  wavelength  per  linear  fringe  period,  given  by  the  cox' 
term  in  Eq.  ( 12),  then  the  vector  addition  of  fringes  will  lead  lo  the 
A(x'.y')  term  dominating  the  linear  fringe  term  in  Eq.  (12),  This  will 
result  in  the  linear  fringe  term  being  dominated  by  the  clutter  fringes 
due  lo  any  differential  loading,  rendering  the  FI.I  concept  ineffective. 

This  const  raini  can  be  overcome  in  two  ways:  ( I )  fixing  the  fringe 
frequency  and  desensiti/lng  the  effect  of  the  deformation  by  using 
holographic  moire  techniques  as  described  elsewhere,''  or  (2)  increas¬ 
ing  the  fringe  Ircquency  co  so  that  the  spatial  period  is  smaller  than 
the  distance  over  which  the  deformation  changes  bv  A  4 

I  bus.  the  two  phase  terms  in  Eq  ( 1 2)  can  be  controlled  such  that 
cither  term  can  predominate  over  the  other.  In  fact,  in  Figs.  1(b)  and 
1(c)  we  have  shown  a  case  in  which  the  linear  fringe  term  was 
controlled  so  that  it  was  larger  than  the  pha.se  term  due  lo  the 
deformation  ,i(x'.y')  but  not  the  phase  of  the  defect  A(x".y").  This 
effect  was  achieved  by  increasing  the  linear  fringe  frequency  until  n 
dominated  the  vector  addition. 

This  same  effect  of  linear  fringe  demonstration  could  have  been 
accomplished  by  controlling  the  differential  loading  force  [giving  rise 


Fig.  7.  The  addition  of  a  large  differential  load  Afx.y)  laadt  to  random 
fringes  that  dominate  tha  linear  fringes. 


lo  (he  A(x'.y')  phase  term  in  Eq.  (12)]  to  ensure  that  the  resulting 
deformations  are  less  than  one-quarter  wavelength  per  linear  fringe 
period.  This  is  a  very  severe  experimental  restriction  on  the  differen¬ 
tial  loading  configuration  and  is  very  difficult  to  implement.  We 
demonstrate  that  the  differential  loading  phase  term  A(x',y')  can  be 
made  to  dominate  the  linear  fringe  phase  term  tux'  by  examining  the 
experimental  results  shown  in  Fig.  7.  In  Fig.  7  linear  fringes  were 
introduced  by  shifting  the  object  beam.  They  have  been  completely 
dominated  by  the  random  fringe  pattern  resulting  from  the  differen¬ 
tial  loading.  In  this  case  the  load  was  applied  by  two  thumb  screws 
mounted  on  the  back  side  of  the  test  plate.  The  linear  fringes  can  be 
recovered  by  using  moire  holography,  as  described  elsewhere.'’ 

It  is  apparent  from  these  results  that  if  holographic  FLI  is  to  be 
feasible  and  viable,  we  must  control  the  linear  fringe  phase  term  oix' 
so  that  it  dominates  the  phase  term  A(x',y')  resulting  from  the 
differential  loading  Experimentally,  this  task  was  accomplished  by 
increasing  the  fringe  frequency  until  the  wx'  phase  term  dominated 
the  A(x'.y')  phase  term  resulting  from  the  differential  loading. 
Obviously,  if  the  defect  is  to  be  found  as  a  shift  ofthe  linear  fringes  at 
the  defect  site,  then  its  oul-of-plane  displacement  must  be  greater 
than  A;4  per  linear  fringe  period  as  described  in  Eq.  (10). 

5.  EXPERIMENTAL  DEMONSTRATION 
OF  HOLOGRAPHIC  FLI 

5.1.  Test  specimen 

The  lest  specimen  [Eig  K(a)]  designed  for  the  11. 1  experiments  is  a 
100  mm X  100  mm  x  t  125  mm  (4  in.  X4  in.  XO  1 25  in.)  aluminum 
plate  that  has  a  circular  hole  located  at  its  center.  The  diameter  of  the 
hole  is  24.94  mm  (0  997h  in  ). 

A  through  cut  on  one  plate  and  a  rear-surface  partial  cut  on 
another  plate  [Fig.  K(a)]  originating  at  the  hole  were  used  as  the 
defects.  Both  cuts  were  approximately  one  inch  in  length 

5.2.  Loading  mechanism  and  test  fixture 

A  loading  mechanism  was  designed  to  give  maximum  oui-ol-plane 
displacement  ofthe  test  specimen!  Fig  Kfh)]  at  the  location  ol  the  cut 
defect  to  give  u  distinctive  holographic  signature 

In  Fig  X(c)  we  show  a  photograph  of  the  entire  test  n  echanism 
including  the  fixture  and  the  test  plate  loading  arm  I  he  loading  arm 
IS  on  the  back  side  ol  the  lest  plate  I  he  mathematical  model  ngol  the 
experiment  was  lormiilaled  by  modifying  the  ANSYS'  cimpuler 
code  The  model  and  its  experimental  verification,  whicn  arc  in 
excellent  agreement,  are  described  later  in  this  paper 

5J.  F.fTect  of  increasing  Uncar  fringe  frequency  in  two-exposure  FLI 

I  he  vector  addition  ol  phases  restricts  the  loading  term  Alx'.y')  in 
Fq.  ( 1 2)  lo  phases  not  greater  than  one-quarter  wavelength  per  linear 
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fringe  cycle  >>o  lhal  ihe  resulling  xector  addilum  ol  the  tu\'  linear 
fringe  icrm  does  not  become  dominated  by  the  x' ,>')  phase  term 
As  previously  indicated,  this  limit  can  be  achieved  by  carefully 
controlling  the  loading  forces  so  that  the  dilfercntial  out-ol-plane 
deformaltons  are  small  or  by  increasing  the  linear  fringe  frequency 
until  it  dominates  the  A(x'.y')  phase  term  in  the  vector  addition  ol 
phases.  This  latter  method  was  selected  because  it  satisfies  the  quarter- 
wave  loading  constraint,  is  easy  to  implement  experimentally,  and 
desensitizes  the  system.  In  fact,  it  should  be  possible  to  increase  the 
linear  fringe  frequency  to  the  point  where  it  dominates  the  A(x'.y') 
phase  term  for  a  large  loading  torque  and  still  show  a  Iringe  shift  at 
the  location  of  the  crack  defect,  therefore,  two-exposure  H  I  should 
be  feasible  for  many  practical  loading  conditions 

1  he  ultimate  limitation  lor  the  frequency  of  the  lineal  lunges  uill 
be  determined  by  Ihe  speckle  noise  in  the  optical  system  v  levvmg  the 
hologram  If  this  limitation  yields  a  nonlinear  fringe,  then  liirihei 
desensiti/alion  can  be  achieved  by  utilizing  the  nioie  eoinples  two- 
color,  four-exposure  moire  technique,''  which  requires  a  photograph 
of  Ihe  holographic  image  and  a  spatial  filtering  step  applied  to  the 
hologram  image  to  create  the  linear  fringes  showing  the  defect 
location. 

S.4.  Experimental  demonstration  of  ELI  for  through  cuts 

A  two-exposure  F1.1  experiment  was  designed  and  performed  on  the 
lest  plate  of  Eig  81a)  with  a  through  cut  to  demonsiraic  the  M  l 
technique.  A  two-exposure  hologram  was  made  and  reconstructed 
The  first  exposure  was  lor  the  relaxed  stale  ol  the  test  plate,  and  the 
second  exposure  was  for  the  stressed  slate  of  the  lest  plate  I  he  first 
hologram  [Fig.  9(a))  shows  the  deformation  from  the  stress  Figures 
9(b)  through  (e)  show  the  reconstructed  image  from  the  double- 
exposure  hologram,  where,  in  addition  to  the  stress,  linear  fringes  ol 
varying  frequency  have  been  added  between  exposures. 

Figure  9(b)  shows  the  result  when  the  linear  fringe  frequency  is 
low.  lu  =  0.5  cycle,' mm.  The  constraint  of  one-quarter  wave  of 
deformation  per  fringe  cycle  has  not  been  met,  although  the  discon¬ 
tinuity  at  the  cut  is  very  visible.  Figure  9(c)  is  the  result  for  a  fringe 
frequency  2w.  and  Fig.  9(d)  is  for  4a>.  Figure  9(f)  illustrates  the  case 
for  a  frequency  of  8(o.  In  the  8ai  case,  speckle  effects  lowered  the 
fringe  contrast  so  the  fringes  could  not  be  seen.  The  effect  of  So.  was 


Fig.  9 .  ( a)  R  aconatructad  imaga  from  doubla-axpotura  hologram  for  tha  caaa  of  a  atraaaed  plata  having  a  through  cut  without  the  addition  of  linear  fringes, 
lb)— |e)  Experimental  results  showing  feasibilitv  for  two-exposure  FLI  for  a  through  cut.  Reconstructed  images  from  FLI  process  in  Fig.  9|a)  with  linear 
fringes  of  various  frequencies  added  to  control  tha  noise  panarn  shown  in  Fig.  9(a|.  In  (b)  *1  =  0.6  cyclsszmm.  in  (c)  *1  =  1  cycle/mm.  in  (d)  m  = 
2  cyclasZmm,  in  (el  •  =  4  cycles/mm. 


(a)  (b) 


(0 


Fig.  8.  (a)  Aluminum  test  specimen  geometry,  (b)  Force  loading  used  t< 
modal  hanging  weight  loading  mechanism,  (c)  Photograph  of  tasting 
setup  showing  test  specimen  and  loading  mechanism. 
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Fig.  10.  Oamonttration  of  FLI  for  tubturfaca  cuta.  (a)  Raconitructad 
imaga  from  FLI  without  tha  addition  of  linaar  fringaa  for  a  aubaurfaca  cut. 
(b)  Raconatructad  imaga  from  FLI  with  linaar  fringaa  added  to  pradomi- 
nate  tha  noiae  and  ahow  tha  location  of  the  aubaurfaca  cut. 


Fig.  12.  Typical  finita  alamant  maah  for  crack  in  Fig.  11|a). 


achieved  hy  leducing  the  load  by  une-half  and  adding  fringes  at  a 
frequency  of  4ui.  I  he  fringe  shift  at  the  defect  is  visible  at  the  higher 
frequencies. 

Obviously,  with  a  linear  fringe  of  frequency  to  ~4c/  mm  [Fig.  9(e)] 
the  differential  surface  deformation  meets  the  quarter-wave/ period 
limitation  except  in  the  vicinity  of  the  cut.  where  a  violent  phase 
deviation  is  evident.  This  was  the  first  demonstration  of  the  FLI 
principle. 

5.5.  FLI  experiments  with  specimens  having  rear-surface  cuts 

Since  the  cut  in  l  igs  9(a)  and  9(b)  is  easily  visible,  a  more  dramatic 
demonstration  of  the  ill  principle  was  made  using  rear-surface  cuts 
penetrating  part  way  through  the  plate.  A  similar  test  plate  to  the  one 
used  for  the  through  cut  was  made  A  I  16  in  wide  saw  cut.  3;  32  m. 
deep  was  made  on  the  back  side  of  the  test  plate  1  he  cul  is  I  in  long, 
starts  at  the  center  hole,  and  is  at  an  angle!  —45°  )to  the  vertical  axis. 
A  double -exposure  hologram  of  the  plate  was  made  by  adding  a 
differential  load  between  the  exposures  I'he  process  was  repealed, 
and  linear  tringes  were  added  by  rotating  the  illuminating  beam 
b«"wecn  the  exposures  fhe  results  arc  shown  in  Figs.  10(a)  and 
l()(b).  Figure  I  Ola)  is  the  usual  interferogram  obtained  from  double- 
exposure  holographic  interferometry.  By  carefully  examining  the 
photograph  the  slight  bend  of  the  contour  fringes  can  be  detected, 
but  the  ellect  is  subtle  l  igtirc  10(b)  shows  the  interferogram 
obtained  for  the  same  plate  stress,  but  with  the  linear  fringes  added. 
The  defect  area  is  quite  apparent.  Since  the  cut  itself  is  not  visible  on 
the  surface  ol  the  plate,  this  experiment  demonstrates  the  feasibility 
of  the  two-exposure  holographic  FLI  technique  for  delecting  subsur¬ 
face  flaws  and  defects 

These  experiments  have  been  modeled  using  finite  element  analy¬ 


sis.  and  agreement  between  the  model  and  the  experiment  is  excel¬ 
lent,  as  described  below. 


6.  NUMERICAL  MODEL 

To  model  the  lest  configuration,  finite  element  meshes  were  con¬ 
structed  using  the  commcrical  computer  code  ANS  YS  ’  for  the  crack 
configurations  shown  in  Fig.  1 1 .  One  such  mesh  is  shown  in  Fig.  12, 
in  which  the  flaw  extends  upward  and  to  the  left  from  the  hole.  The 
boundary  conditions  imposed  on  the  model  correspond  to  those  in 
the  experiment:  both  side  boundaries  and  the  bottom  boundary  were 
all  clamped;  the  top  boundary  was  left  free.  The  moment  applied  to 
the  test  plate  was  simulated  in  the  model  by  equal  and  opposite 
out-of-plane  forces  applied  at  the  top  and  bottom  of  the  hole,  as 
illustrated  in  Fig.  8(b).  The  magnitude  of  these  forces  was  such  that 
the  total  applied  torque  was  3.6  in. -lb. 

Structurally,  therefore,  the  model  can  be  made  to  correspond  to 
the  experiment  in  all  respects.  A  mechanical  analogue  for  the  beam 
rotation  is  also  easy  to  provide,  and  this  allows  fringe  linearization  to 
be  part  of  the  model  as  well.  The  mechanical  analogue  is  in  fact  a 
rigid-body  rotation  of  the  plate.  Just  as  the  field  of  linear  fringes 
dominates  other  fringe  patterns  as  the  beam  rotation  is  increased,  so 
does  the  displacement  field  of  the  rigid-body  rotation  dominate  other 
displacement  fields  as  the  mechanical  rotation  is  increased.  Indeed, 
the  experimental  fringe  linearization  could  also  be  accomplished  by 
rotation  of  the  specimen,  but  in  practice  the  beam  rotation  can  be 
performed  much  more  easily. 

The  model  boundary  conditions  associated  with  the  rigid-body 
rotation  can  be  somewhat  tricky.  First,  an  axis  of  rotation  for  the 
model  must  be  chosen  to  agree  with  the  intended  beam  rotation.  This 
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axis  will  always  lie  in  the  plane  of  the  specimen,  and  in  the  usual  case 
it  will  pass  vertically  through  the  center  of  the  hole.  Other  rotation 
axes  may  be  desirable,  however,  for  detecting  flaws  of  a  particular 
orientation.  Once  the  rotation  axis  is  selected,  the  nodes  on  the 
clamped  boundaries  must  be  assigned  rotations  with  respect  to  the 
coordinate  axes  so  that  the  plate  rotation  has  the  appropriate  value  (here, 
600  /irad)  with  respect  to  the  chosen  rotation  axis.  In  addition,  these 
nodes  must  be  assigned  out-of-plane  displacements  according  to 
their  distance  from  the  rotation  axis.  When  imposed  correctly,  these 
additional  boundary  conditions  model  the  experimentally  observed 
fringe  linearization  extremely  well. 

Through  cracks  in  the  plate  were  modeled  simply  by  releasing 
connections  along  an  appropriate  line  of  nodes.  Because  the  model 
plate  consisted  of  two-dimensional  finite  elements,  modeling  a  part- 
through  crack  required  a  special  procedure.  The  surfaces  of  the 
through  crack  were  separated  slightly,  and  the  gap  was  filled  with 
small  addditional  elements.  These  additional  elements  were  assigned 
a  thickness  of  0.00.5  in.,  4??  of  the  nominal  plate  thickness.  These 
elements  thus  modeled  the  effect  of  a  thin  ligament  The  ligament 
thickness  in  the  model  was  less  than  that  in  the  actual  plate  (O  O.T  in.); 
the  model  ligament  thickness  was  selected  by  comparing  model  and 
experimental  fringe  patterns.  A  direct  model  of  the  effect  of  ligament 
thickness  would  require  a  three-dimensional  analysis,  and  such  anal¬ 
ysis  is  planned  in  future  work.  Corresponding  to  the  presence  of  a 
part-through  flaw,  the  current  ligament  model  serves  to  enforce 
displacement  continuity  across  the  closed  side  of  the  defect;  this 
continuity  naturally  does  not  occur  for  the  through  crack. 

6.1.  ResuHs  and  discussion 

Two  sets  of  results  will  be  presented  in  detail;  both  of  these  demon¬ 
strate  the  accuracy  and  utility  of  the  finite  element  structural  analysis 
in  modeling  the  holographic  FLI  technique. 

The  first  results  are  for  the  crack  geometry  shown  in  Fig.  1 1(a). 
Only  the  part-through  flaw  will  be  discussed.  The  double-exposure 
holograms  obtained  in  the  laboratory  were  obtained  from  the  front 
surface  of  the  plate,  i.c..  the  surface  on  which  the  crack  was  not 
visible.  Figure  10(a)  shows  the  interferogram  for  the  plate  without 
any  linear  fringes.  I  he  fringes  that  appear  in  the  figure  have 
smoothly  varying  slopes,  and  a  cursory  inspection  indicates  nothing 
that  might  signify  the  presence  of  a  flaw.  If  one  knows  that  a  part- 
through  crack  emanates  from  the  upper  left  corner  of  the  hole, 
however,  one  notices  a  modestly  sharp  bend  of  the  fringes  in  this 
region,  especially  compared  to  the  similar  fringes  to  the  upper  right 
of  the  hole.  I  hesc  bends  are  not  obvious,  however,  and  they  would  be 
particularly  difficult  to  detect  using  an  automated  scanning  proce¬ 
dure  The  computer  model  of  the  same  loading  is  shown  in  Fig.  13. 
Here  again,  the  effect  of  the  crack  can  be  observed  if  one  knows  its 
location.  Without  such  knowledge,  however,  the  bend  in  fringes  to 
the  upper  left  of  the  hole  has  no  apparent  distinction  from  other 
bends  in  the  plot,  which  arise  due  to  the  discrete  nature  of  the  finite 
elements  used  to  model  the  plate.  (In  Fig.  1 3  and  subsequent  compu¬ 
ter  plots,  the  dashed  line  corresponds  to  zero  displacements.)  The 
fringe  patterns  from  the  experiment  and  the  analysis  agree  quite  well, 
hut  one  implication  of  this  agreement  is  that  flaw  detection  may 
prove  difficult  using  conventional  double-exposure  interferograms. 
I  his  difficulty  was  previously  emphasized  as  a  primary  motivation 
for  development  of  a  fringe  linearization  technique. 

Linear  fringes  were  next  superposed  on  Fig.  lOfa),  with  the  result 
shown  in  Fig.  10(b).  As  noted  previously,  the  beam  rotation  used  was 
()(X)  firad,  and  the  moment  loading  was  3.5  in. -lbs.  The  linear  fringes 
smooth  out  the  Iringe  pattern  of  Fig.  10(a),  but  the  barely  noticeable 
flaw  signature  in  Fig.  10(a)  is  thedominant  feature  of  Fig.  10(b).  The 
linear  fringes  have  essentially  wiped  out  all  the  smoothly  varying 
slopes  of  Fig  10(a).  so  that  the  discontinuous  slopes  associated  with 
the  part-through  cut  immediately  catch  one's  attention.  In  addition, 
the  homogeneity  of  the  linear  fringes  away  from  the  flaw,  together 
with  the  sharp  bends  at  the  flaw,  provides  the  features  needed  for  an 
automatic  detection  procedure. 

Figure  14  shows  the  finite  element  analysis  performed  to  corre- 


Fig.  13.  Computer  modal  corraiponding  to  Fig.  10(a|. 


Fig.  14.  Computer  output  corresponding  to  Fig.  10|b). 


spond  to  Fig.  10(b).  W'hile  the  inadequate  resolution  of  the  output 
device  makes  the  fringes  jagged  in  places,  the  agreement  with  the 
experiment  is  excellent.  The  linear  fringes  dominate  over  the  entire 
plate,  except  at  the  flaw,  where  the  sharp  bend  in  the  fringes  occurs, 
as  in  the  experiment. 

Because  the  agreement  between  experiment  and  analytical  model 
is  so  close,  we  can  use  the  structural  analysis  to  provide  guidance  as 
to  how  one  might  facilitate  and  optimize  holographic  detection  ol 
flaws.  For  example,  if  a  particular  type  of  flaw  is  being  sought  after, 
both  the  axis  and  the  magnitude  of  beam  rotation  could  be  deter¬ 
mined  ahead  of  time  to  maximize  the  likelihood  that  if  the  particular 
type  of  flaw  exists,  it  will  have  a  significant  effect  on  the  linear 
fringes.  In  addition,  appropriate  loading  configuration  and  magni¬ 
tude  may  be  worked  out  numerically  without  the  expense  of  an 
extended  experimental  program.  Additional  analyses  performed  for 
the  part-through  cut  discussed  above  indicated  that  locating  the  axis 
beam  rotation  45°  from  the  crack  orientation  provided  the  best 
holographic  signature  of  the  flaw;  other  rotation  axes  led  to  linear 
fringes  that  made  the  flaw  more  obscure.  A  rule  of  thumb  for 
detection  of  a  crack  emanating  from  a  hole  can  be  slated  as  follows: 
fringe  linearization  should  be  employed,  and  the  rotation  axis  (or 
axes)  should  be  oriented  45°  from  the  suspected  crack  (or  cracks) 
When  the  flaws  are  randomly  located,  a  range  of  beam  rotation  axes 
is  probably  necessary 

We  also  considered  the  crack  configuration  in  Fig.  I  Kb).  With  the 
same  bending  load  configuration  as  was  applied  to  Fig.  1 1(a),  (he 
interferogram  in  Fig.  IS  was  produced.  As  in  Fig.  10(a).  (he  crack 
gives  rise  to  a  sharp  bend,  barely  noticeable,  in  the  fringes  that  cross 
the  crack  location.  In  (he  corresponding  finite  element  calculation, 
this  bend  was  not  even  distinguishable  from  other  sharp  bends 
arising  from  the  discrete  nature  of  the  finite  elements;  see  Fig.  16. 
Linear  fringes  were  applied  to  the  finite  element  model  of  the  plate  in 
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Fig.  16.  InMrfarogram  for  crack  in  Fig.  1 1(b|,  without  linaar  fringat. 
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Fig  16.  Finite  altment  model  of  Fig.  16 


the  hope  ihai  these  would  render  the  crack  location  detectable.  J  hc 
resultsare  furnished  m  fig  17  Unforiunately.  this  figure  seems  to  be 
identical  to  what  one  would  expect  to  see  if  there  were  no  defects 
presf  nt  in  the  plate.  The  positive  side  of  the  analysis  was  born  out  by 
the  a  tual  experiment  on  the  plate  with  the  part-through  flaw,  with 
linear  fringes  Exactly  as  in  the  model,  an  undisturbed  field  of  linear 
fnng -s  was  observed,  just  like  those  in  the  defect-free  areas  of  Fig. 
10(b)  Figure  18  shows  an  attempt,  using  our  model,  to  reveal  the 
flaw  bv  simulating  rotation  of  the  object  beam  about  an  axis  oriented 
45°  to  the  crack.  Again,  however,  the  flaw  cannot  be  delected  with 
this  loading  mechanism. 

6.2.  Altenute  kMidIfig  methods 

The  Slate  of  affairsjust  described  shows  simultaneously  the  benefits 
of  the  computer  model  and  the  limitations  of  reliance  on  a  single  load 
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configuration  to  reveal  defects  with  the  holographic  technique.  For 
both  crack  configurations  shown  in  Fig.  1 1 ,  the  computer  model  has 
shown  excellent  agreement  with  the  interferograms  produced  exper¬ 
imentally.  Given  that  a  simple  structural  analysis  can  model  so  well 
the  loading  and  displacements  seen  here,  we  would  expect  the  struc¬ 
tural  model  to  bran  invaluable  tool  in  pursuing  viability  of  the  fringe 
linearization  technique  for  practical  applications.  Research  studies 
could  be  performed  to  determine  by  computer  which  beam  rotations 
and  loading  modes  are  best  suited  for  interferometric  detection  of  a 
particular  crack.  Here,  we  have  observed  the  utility  of  a  bending  load 
in  revealing  a  crack  emanating  from  a  hole;  in  addition,  we  can 
probably  conclude  that  the  same  loading  is  not  as  effective  for  a  crack 
that  does  not  intersect  the  hole. 

Other  types  of  loadingare  under  consideration,  and  current  plans 
arc  to  study  these  further.  An  additional  loading  mechanism  appro¬ 
priate  for  the  hole  in  the  plate  is  insertion  of  a  tapered  or  shrink-fit 
plug  into  the  hole,  as  described  by  Vest.'  Indeed,  this  loading  ren¬ 
dered  the  crack  of  Fig.  I  Kb)  visible,  both  without  linear  fringes  (Fig. 
19)  and  with  them  ( Fig.  20).  At  this  point,  we  have  not  yet  modeled 
these  interferograms  by  computer.  The  conclusion  remains,  how¬ 
ever,  that  different  flaw  geometries  are  made  most  susceptible  to 
detection  by  different  loadings.  For  many  situations,  and  cert.iinly 
for  practical  defect  detection  in,  say,  aircraft  structures,  particular 
static  loadings  do  not  provide  a  range  of  mechanical  disturbances 
wide  enough  to  reveal  all  possible  flaws.  Continuation  of  this 
research  is  therefore  expected  to  focus  in  large  measure  on  dynamic 
excitation  of  mechanical  vibrations,  in  the  hope  that  a  broader 
spectrum  of  responses  is  activated.  Interferograms  are  naturally 
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Fig.  19.  Intarfarogram  of  crack  m  Fig.  1 1(b|  with  taparad  phig  loading. 


Fig.  20.  Addition  of  linaar  fringaa  to  Fig.  19. 


more  diincult  to  obtain  when  the  lime  between  eKpasuren  becomes 
very  important,  since  a  double-pulsed  laser  is  necessary;  extension  of 
the  computer  models  described  above  should  provide  guidance  as  to 
the  time  intervals  required.  Dynamic  and  model  structural  analyses 
are  available  to  predict  times  and  amplitudes  of  vibration  so  that 
validation  studies  can  be  carried  out  with  a  minimum  of  guesswork. 


Fig.  22.  Fourior  tignatur*  of  through  cut:  |a)  linaar  fringaa.  (b)  (Ulfact. 


la)  (b) 

Fig.  23.  Fourier  aignatura  of  raar-Burfaca  cut  (a)  linaar  fringes,  (bldafacts. 


7.  POTENTIAL  FOR  AUTOMATIC  READOUT 

The  linear  fringe  in  the  two-exposure  holographic  FLl  process  read¬ 
ily  lends  itself  to  using  an  automatic  readout.  Although  this  has  yet  to 
be  implemented,  we  present  conclusive  evidence  that  effects  are 
present  at  the  defect  site  in  the  linear  fringe  holographic  reconstruc¬ 
tion  that  can  be  delected  and  used  for  the  automatic  readout.  To 
show  these  effects  we  use  a  diffractometer,  a  two-dimensional  spatial 
Fourier  transforming  system  shown  schematically  in  Fig.  21 .  In  Fig. 
22  we  show  the  diffraction  pattern  from  parts  of  the  reconstructed 
image  of  a  two-exposure  FLl  hologram  at  a  defect-free  region  and  at 
the  site  of  the  through  cut  shown  in  Fig.  9(e).  Figure  22(a)  shows  the 
Fourier  signature  of  the  linear  fringe  (diffractometer  was  directed  at 
a  region  to  left  of  defect).  We  recognize  the  dc  term  and  the  two  First 
orders  of  the  linear  fringe  transform.  In  Fig.  22(b),  we  see  the 
signature  at  the  defect  site  (the  through  cut).  The  fringe  shift  at  the 
cut  location  results  in  a  different  dc  term  and  two  sets  of  First  orders 
for  the  two  linear  fringes  at  the  cut.  The  diffractometer  outputs 
clearly  show  there  e .%  ists  a  signature  at  the  defect  site  distinguishable 
from  the  defect-free  region.  Similar  results  were  obtained  for  the 
rear-surface  cut,  as  shown  in  Fig.  23. 

These  results  demonstrate  that  measurable  and  detectable  results 
characterize  defects  measured  by  the  FLl  technique.  These  effects 
can  be  exploited  in  the  development  of  an  automa  tic  readout  system. 

8.  SUMMARY  AND  CONCLUSIONS 

The  results  obtained  with  static  loading  techniques  were  signiFicant 
and  include  the  following:  ( I )  The  experimental  feasibility  of  the  FLl 


concept  has  been  demonstrated.  (2)  FLl  removes  fringe  clutter  and 
simpliFies  defect  location.  (3)  Experimental  results  showed  lineariza¬ 
tion  of  fringes  and  location  of  both  a  through  cut  and  a  rear-surface 
cut.  (4)  Experiments  with  a  Fourier  diffractometer  showed  that  both 
the  through  cut  and  the  rear-surface  cut  had  Fourier  signatures 
signiFicantly  different  from  those  of  the  carrier  fringe.  Automatic 
readout  techniques  are  possible  with  such  characterisitic  signatures 
using  image  processing  software  and  digital  Fourier  transform 
methods.  (5)  Modeling  efforts  also  showed  simpliFied  crack  detection 
with  fringe  linearization  and  are  in  excellent  agreement  with  the 
experimental  results.  (6)  Modeling/ experimental  results  indicated 
the  limitations  of  static  loading  techniques  for  finding  subsurface 
defects. 

We  conclude  that  holographic  FLl  has  been  successfully  demon¬ 
strated  for  the  detection  of  defects  under  conditions  of  static  loading. 
Further  development  of  the  process  is  necessary  before  an  automatic 
holographic  FLl  process  can  be  implemented  for  field  experiments. 
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10.  APPENDIX:  MATHEMATICAL  DEVELOPMENT 
OF  LINEAR  FRINGES  IN  A  SIDEBAND  FRESNEL 
HOLOGRAM 

The  purpose  of  this  appendix  is  to  show  that  linear  fringes  can  be 
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created  in  a  double-exposure  sideband  Fresnel  hologram  by  shifting 
the  object  beam  between  the  exposures.  The  mathematical  develop¬ 
ment  will  follow  that  given  in  Chap.  3  of  Ref.  8. 

The  diffracted  field  emanating  from  an  object  illuminated  with  a 
tilled  reference  wave  in  the  second  exposure  is  obtained  by  modifying 
F.q.  (3-36)  of  Ref.  8  to  give 


/ik,x2\ 

R(x)  =  -exp(ik|Z|)Cexn  — j 


(Jof^exp 


exp(ik,/Jofldf  ,  (A-l) 


where  is  the  tilt  angle  of  the  beam  striking  the  object  and 
sin^o  - 

The  intensity  distribution  in  the  sideband  Fresnel  hologram  pro¬ 
duced  by  this  wavefront  is 


I(x)  =  [Kexp<ik,9x)  +  R(x)]^  . 


where  0  is  the  angle  between  reference  and  object  beams. 

If  we  consider  only  the  term  in  Eq.  ( A-2)  corresponding  to  the  real 
image,  we  obtain  a  modified  version  of  Eq.  (3-81)  in  Ref.  8.  Thus, 


Ir(x)  =  K'«KC*exp(-ik|Z|)exp  — j 


Xexp(ik,aoX)a)*(x) 


ilj)*(x)  =  I  D‘(f)exp  -I 


(I- "  ?  +  ■« 


When  the  distribution  described  by  Eq.  (A-3)  is  reconstructed 
with  a  beam  of  wavelength  Aj,  the  amplitude  in  the  reconstructed 
image  is  given  by 


'<1iiilt<«>  ^  ^  S  27, 

72=0 

ikjfx-a)^ 

Xexp(ik|X0)exp  - - -  ( 

2*2 


where  A  includes  all  the  obliquity  factors.  Substituting  Eq.  (A-4)  into 
Eq.  (A-S),  we  obtain 


*imB<“>  =  Aexp 


*2  =0  7|  =0 

/ik,fx\  ix^  /kj  k,\ 

><e*P^~^je*P(-'l‘i/3of)df  exp 

/ikjxox 

Xexp(ik|X0)exp^  — jdx  .  (A-6 


Xexp(ik|X0)exp( 


which  is  a  modified  version  of  Eq.  (3-84)  in  Ref.  8. 

Applying  the  focusing  condition  kjZj  =  kjz,  to  Eq.  (A-6)  yields 


0i„«(a)  -  Aexp(-!^)J'J'D*(f)exp(-^j 


Xexp  ik,f^— -/J^  dfexp  ix^k|0 - c 


In  Eq.  (A-7),  the  { integral  is  the  Fourier  transform  of  a  Fresnel 
wavefront.  This  gives 


=  A«p(^)  J  B.  ^ 

Z2=0 

(0  a  \ 

Xexp  2»rixl- - - - ]  dx  , 

\Ai  AjZj/ 


where  tilde  denotes  a  Fourier  transform  operation.  Making  the 
change  of  variable 


_ x_  ^  ^ 

A|i|  A| 


and  carrying  out  the  Fourier  transform  operation  indicated  in  Eq. 
(A-8),  we  get 


'‘'imR(“)  =  Aexp 


X  (-A|Z|)  D*(a  -  Z|0)exp  —  |^(a-z,0)^ 


A  comparison  of  Eq.  (A-IO)  with  Eq.  (3-89)  in  Ref  8  shows  that 
the  only  difference  between  the  reconstructed  image  of  a  sideband 
Fresnel  hologram  and  one  created  with  a  tilted  object  wave  is  the 
linear  phase  factor  (LPF)  in  a:  i.e.. 


LPF  =  exp 


/flo0z,  o^„2,\‘ 

A  ^  Vzj 


Equation  ( A-l  I )  shows  that  the  phase  factor  resulting  from  the  tip 
is  linear  in  o  and  has  a  frequency  proportional  to  the  tip  angle  the 
hologram  construction  distance  z,,  the  reconstruction  distance  Zj, 
and  the  reconstruction  wavelength  Aj. 

Thus,  if  a  double-exposure  hologram  were  made  in  which  the  only 
difference  was  a  tilt  of  the  object  beam  in  one  of  the  exposures,  then 
the  reconstructed  image  would  be  laced  with  linear  cosine  fringes  of 


OPTICAL  ENGINEERING  /  Saptambar/October  1986  /  Vol  24  No  6  /  767 


REYNOLDS,  SERVAES,  RAMOS-IZQUIEROO,  DEVEUS.  PEIRCE,  HILTON,  MAYVIUE 


the  form 

I  +  cos2 


IPq^i  q^pzA 
X,  X2Z2  j 


(A-12) 


This  shows  that  tilting  the  object  beam  in  the  hologram  results  in 
linear  fringes  across  the  image.  The  analysis  of  the  virtual  image 
yields  a  similar  result. 
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This  shows  that  tilting  the  object  beam  in  the  hologram  results  in 
linear  fringes  across  the  image.  The  analysis  of  the  virtual  image 
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